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FOREWORD

This volume contains the summary papers of the SPS Workshop
on Microwave Power Transmission and Reception held at the
Johnson Space Center, Houston, Texas, January 15-18, 1980.
These papers are summaries of the material presented during
six technical sessions: Microwave System Performance,
Phase Control, Power Amplifiers, Radiating Elements,
Rectenna and Solid State Configurations. As part of the
DOE/NASA Concept Evaluation Program, a set of conclusions
were reached based on numerous analytical and experimental
investigations. These papers provide a comprenensive
record of the material developed to support those con-
clusions at the Workshop.

It is hoped that this volume will be a useful contribution
to the continuing evaluation process of the SPS Microwave
Power Transmission and Reception System.

R. H. Dietz
SPS Microwave Systems
Johnson Space Center
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SYSTEM PERFORMANCE CONCLUSIONS

G. D. Arndt
NASA -~ Johnson Space Center

1. System Sizing
0 Reduced Power Levels
o Antenna Diameters Smaller than 1 Km

The initf:} sizing for the satellite power station was a 1-kilometer
transmit array with 5 gigawatts of DC power out of the rectenna. There
are, however, some advantages in having a smaller system size.

Commercial utility companies can probably ahndle 1-gigawatt increments
easier than 5 gigawatts; the implementation cost of 1-gigawatt system

is lower; and the sidelobe radiation levels near the rectenna are lower.
Disadvantages of smaller systems include lower end-to-end microwave
transmission efficiency and an increase in the overall cost of electricity
(mills per kilowatt-hour).

The downlink operating frequency is another trade-off consideration.
The SPS reference system operates -at 2.45 gigahertz, which is the
center of a 100-megahertz band reserved for government and nongoverment
industrial, medicai, and scientific (IMS) use. This band has the
advantage that all communication services operating within the 2450 +
50 megahertz Timits must accept any interference from other users.
There is another IMS band at 5.8 gigahertz which should be considered.
One way to reduce the terrestrial land usage requirements for the SPS
rectenna is to increase the operating frequency while maintaining the
same antenna size. This reduction in rectenna size must, however, be
traded off against the large temporary degradation in transmission
efficiency under extremely adverse weather conditions at the higher
frequency.

The end-to-end microwave transmission efficiency for smaller SPS systems
operating at different frequencies will not be determined. The nominal
microwave transmission efficiency, from the rotary joint in the satellite
to the DC/DC power interface at the output of the rectenna; is shown
in figure 1. This end-to-end efficiency, for a frequency of 2450 megahertz,
may be written
. - -

Microwave Eff = 0.805 Eff ., X Eff_ (1)
For the reference system, Eff 11 = 0.88 and Eff v = 0.89, and tie
microwave link efficiency is 88 percent. This e??iciency will be used
as a reference for comparing smaller SPS systems. In equation 1, the -
rectenna collection efficiency Effc0]1 is a function of incident power

density and incremental rectenna avea while the conversion efficiency

Eff .ony Varies only with power density. The RF-DC conversion efficiency
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depends on the input power level to the rectifying diodes connected

to the half-wave dipole elements in the rectenna. During the past
several years, excellent progress has been made in developing higher
efficiencv diodes, particulariy at lower levels. This RF-DC conversion
efficiency, which is the collection efficiency of the individual dipole
elements times the diode rectifying efficiency, varies from 70 percent
at 0.04 milliwatt per square centimeter to 90 percent at 10 milliwatts
per square centimeter as a function of incident power density. These
data assume a 3 percentage point improvement in the next decade over the
present achievable conversion efficiency.

The degradations in end-to-end microwave efficiency for smaller SPS
sizes are summarized in figures 2 and 3 for operating frequencies of
2450 and 5800 megahertz respectively. The 63 percent reference
efficiency is that performance expected for a 1-kilometer, 5-gigawatt
SPS system operating with a constant 89 percent RF-DC conversion
efficiency in the rectenna. The difference in performance between the
5-gigawatt and the 1-gigawatt systems as shown in figure 2 is due to

a reduction in rectenna conversion efficiency at the reduced power
density levels associated with the 1-gigawatt system. Also, for
transmit arrays with a diameter iess than 1 kilometer, the power beam
is dispersed over a wider area at the ground due to reductions in
antenna gain. This dispersion reduces the amount cof enerqy intercepted
by the rectenna and further reduces the RF-DC conversion efficiency.
The data indicate that smaller SPS powers are feasible, provided the
antenna size is not reduced; that is, a 1-kilometer, 1-cicawatt SPS
system will have only a 4 to 5 percent (percentage points) reduction in
microwave transmission efficiency as compared to a 5-gigawatt system.

The transmission efficiency for systems operating at 5800 mecahertz as
given in figure 3 is interesting in that there is very little degradation
in performance at the reduced power levels. The reason is that the
power density levels at the rectenna are considerably higher for the
5800-megahertz systems, and hence little degradation in RF-DC conversion
efficiency occurs as the power 1is reduced. There is also a constant
degradation relative to the 59.3 percent reference efficiency due to
lower efficiencies in several of the microwave subsystems operating

at the higher 5800-wegahertz through a heavy rain, rectennas for these
systems could have intermittent power reductions unless located in dry,
southwest regions.

There is a significant reduction in rectenna size at the higher
frequency as shown in figure 3. If rectenna costs and land usage
reqguirements become major factors, operating at 5800 megahertz should
be seriously considered.

2. Startup/Shutdown Operations

0o Three sequences for startup/shutdown provide satisfactory
performance
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An SPS in synchronous orbit experiences solar eclipses by the earth,
moon, and other SPS, The most important of these eclipses are by the
earth, both in occurrence and duration. The satellite will be eclipsed
daily by the earth for approximately six weeks during the sprina and
fall equinoxes, March 21 and September 21, respectively. Specifically
there will be 43 eclivses centered around the spring equinox and 44 in
the fall, for a total of 87 times per year. These eclipse periods will
vary each day, with the time building up to a maximum of 75 minutes at
the equinox. Except for the first and last days of each series, the
satellite is totally eclipsed.

Because of switching conditions and transients in the DC power distribution
system, the microwave system will be brought up (or shutdown) in controlled
increments, rather than having on-off switching of 7 GW of power. The
resultant microwave radiation patterns can vary areatly, depending upon

the sequencies used for energizina the antenna. The beam patterns have
been evaluated in order to reduce the environmental effects of the
microwave radiation from the antenna under transient operating conditions.

Let us now examine what happens to the solar array during an eclipse.
Both the solar cells and the structures will cool off quickly. The
structure will drop to 709K (-3350F) during the longest (72 minutes)
occult period (Ref. 5). The sular cell temperature drops from its
normal operating value of 3100K to 110°K at the end of 70 minutes.
After emerging from the earth's shadow, cell temperatures rise quickly,
particularly if the cells are open-circuited. A solar cell's output
is a function of temperature and the cells will produce a higher
output power for a few minutes until the temperature stabilizes.
Since the voltage regulation to the klystron tubes is +5%, the tubes
cannot be energized until near steady-state operating temperatures
are reached in the solar array.

The operational procedure would be to open-circuit the soiar cells
arior to emergence from occulation, close to the DC power circuits in
the solar array after the solar cell temperatures have stabilized near
310%K (a few minutes depending the length of the eclipse period), and
then sequentially energize the klystron tubes in an optimum manner to
minimize radiation effects.

The pattern characteristics for the main beam, sidelobes, and grating
Tobes were examined for eight types of energizing configurations which
include:

1. Random - the antenna is starting at the center and
progressing outward

2. Concentric rings - startine at the center anc proaressin.
outward

3. Concentric rings - beginning at the outer ard progressina
to the center

L, Line strips - center to the outside edge

5. Line strips - outside edge to the center
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Figure 3 SPS performance at 5800 MHz as a function of antenna size and power
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Figure 4. Antenna Stertup/Shutdown Configurations
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Figure 5. Sidelobe Patterns for the Pardem Se-cence
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Radial cuts
8. Incoherent phasing

In each of these sequences shown in figure 4, the amount of antenna

power is increased in ten discrete steps. For each of the configurations
the reference error tolerances for random amplitude and phase errors
throughout the antenna are included. The results are obtained through
conputer programs which simulate the 7220 subarrays as individual
radiators properly phased together.

6. Line strips - edge-to-edge
7.

To briefly summarize the results, three sequences provided satisfactory
performance in that the resultant sidelobe levels during startup/shutdown
were lTower than the steady-state levels present during normal operations.
These three sequences were:

0 random

o incoherent phasing

0o concentric rings - center to edge

As an example of the performance of the random sequence, the random
startup is well-behaved in that the partial power patterns closely
resemble the full power chararteristics, only reduced in amplitude as
shown in figure 5. As the rad<ated power is decreased the effective
antenna area decreases, and the far sidelobe levels increase. The peaks
and nulls of the sidelobes remain spatially stationary as the antenna
radiating area changes.

An example of a poor startup/shutdown sequence is shown in figure 6,
i.e., line strips - edge to edge. By taking successive vertical

strips at one edge of the antenna and progressing to the other edge,

the peaks and nulls of the sidelobes moves inward towards the rectenna
with additional power. These patterns have sidelobe levels several
orders of magnitude greater than for steady-state. In conclusion a
proper choice of sequences should not cause environmental problems

due to inc-eased microwave radiation levels during the short time periods
of energizing/de-energizing the antenna.

3. Antenna/Subarray Mechanical Alignments

0 Alignment requirements determined by grating lobe peaks
and scattered power levels

0o Antenna alignment requirement is 1 min or 3 min dependina
upon phase control configuration.

There are two types of mechanical misalignments: (1) a systematic

tilt of the entire antenna structure produced by attitude control

system errors, and (2) a random tilt of the individual subarrays pro-
duced by antenna bending or subarray alignment errors. The rectenna
collection efficiency (which is an indication of the amount of scattered
power) as a function of systematic (structure) and random (subarray)
tilts is shown in figure 7. It is interesting to note that the two
tilts have the same degradation in collection efficiency per arc
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minute of misalignment. It will be shown Tater that the systematic
tilt has an order of magnitude greater effect on grating lobe levels
than the random tilts.

The antenna and subarray/power module misalignments produce well-defined
grating Tobes. The grating Tobes occur at spatial distances corresponding
to angular directions off-axis of the antenna array where the signails
from each of the subarrays add in-phase. When the mechanical boresights
of the subarrays are not aligned with the pilot beam transmitter at

the rectenna, the phase control system will still point the composite
beam at the rectenna; however, some of the energy will be transferred
from the main beam into the grating lobes. The gratino lobes do not
spatially move with misalignment changes kut their amplitudes are
dependent upon the amount of mechanical misalignment. The distance
between maxima for the grating lobes is inversely proportional to the
spacings between phase control centers on the transmit antenna. If the
phase control is provided to the 10.4 meter X 10.4 meter subarray level,
grating lobe peaks occur every 440 Km. If the phase control system is
extended down to the power module level, the grating lobes will be
spatially smeared and the peaks greatly reduced in amplitude. This
improvement in grating lobe pattern would be due to differences in
spacings between the power tubes within the antenna. An example of

the first grating lobe peak for a total antenna/subarray tilt of 3.0
arc-minutes is shown in figure 8.

Based upon environmental gonsiderations, the gratina lobes are constrained
to be less than .01 mw/cm“. The total mechanical alinement requirements
for both the subarrays and the total antenna can be determined from

this constraint. The amplitudes of the grating lobes for phase control

to the power module Tevel and an antenna tilt of 1 min is shown in

fioure 9. The locations and spacings of these grating Tobes across

the continental United States with the rectenna centrally located are
shown in figure 10.

Conclusions from the antenna simulation studies are:

(1) Systematic (antenna) tilt has an order of magnitude
greater effect on grating lobe peaks than random (subarray) tilt.

(2) The systematic tilt must be less than 1 min for phase
control to the 10 meter square subarray level and 3 min fer phase
control to the power rodule level in order for the grating Tobe peaks
to meet the quideline of .01 mw/cme,

(3) Random (subarray) tilt is Timited to 3 min in order to
maintain a 2% or less drop in rectenna collection efficiency. The
random tilt has a profound impact on the amount of scattered micro-
wave power but only a very small contribution to the arating lobe peaks.

4, Scattered Microwave Power
o System error parameters have been defined to minimize
scattered power
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Scattered microwave power (MW)

The relative importance of the electrical and mechanical tolerances

on the rectenna collection efficiency is summarized in figure 11,

The baseline error parameters are o = 10° rms phase error, + 1 dB
amplitude error, 2% failures, .25 inch mechanical gap between the

10. meter X 10. meter subarrays, antenna tilt < 1 min (attitude
control) and subarray tilt < 3 min. The scattered microwave power

is the extra power lost (not incident upon the rectenna) due to the
error tolerances. The rectenna wouid intercept 95.3% of the total
power transmitted by a perfect system; the error tolerances reduce this
amount of received power to 86.0% of the transmit power.
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Figure 11 - Scattered microwave power due to electrical and mechanical errors.
(10 meter subarray),
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SPS LARGE ARRAY SIMULATION
S. Rathjen B. R. Sperber, E. J. Nalos, Boeing Aerospace Company

1.0 INTRODUCTION .

The computer simulation has been developed with the objective of producing
a flexible design and verification tool for the SPS reference design. The computer
programming efforts have been directed primarily to beam pattern analysis. The following
reasons have been specified as the purpose of the computer programs: verification of the
reference design, definition of feasible departures such as quantized distributions, the study of
far-out sidelobe roll-off characteristics, the analysis of errors and failures, illumination
function analysis to develop beam patterns for efficient collection, and beam shaping synthesis
to meet environmental constraints.

2.0 ' ARRAY SIMULATION PROGRAMS

Three types of computer simulations have been developed to study the SPS
microwave power transmission system (MPTS). The radially symmetric array simulation is low
cost and is utilized to investigate general overall characteristics of the spacetenna at the
array level only. "Tiltmain," a subarray level simulation program, is used to study the effects
of system errors which modify the far-field pattern. The most recently designed program,
"Modmain," takes the detail of simulation down to the RF module level and so to date is the
closest numerical model of the reference design.

Early in the computer program development stage, radially symmetric array
simulations were written to model various power taper distributions and to comnpare their
beam efficiencies.

The radially symmetric simulations have been used to study a variety of
spacetenna distribution functions enabling comparisons of the on-axis power densities, the far
field patterns, and their associated beam efficiencies.

The "Tiltmain" array simulation is much more complex than the circularly
symmetric simulation due to the fact that "Tiltrnain" models the spacetenna as comprised of
7220 subarrays. In "Tiltmain," the ground-grid is specified as a planar circular area where the
electric fields are determined. The field at any particular point on the grid is computed using
scalar wave equations with approximations that make them accurate in the Fresnel Zone. The
ec&uanons are not valid for the very near fleld, but give vzry good results in the Fresnel Zone,

D</) S>R>2D2/)), and the far field R»2D2/) where D is the diameter of a circular spacetenna
or the diagonal of a rectangular spacetenna, } is the wavelength of the transmission signal,
and R is the range from the spacetenna to the ground-grid. The electric field at any particular
point is determined by calculating the field from each subarray in the spacetenna to the given
grid point and then summing all the fields to give the total field at that grid point.

The total power collected by the ground-grid is calculated by multiplying the
power density at a point by the incremental area associated with that point to give the power
over that area, and then summing up the power from each sample., Efficiencies with respect
to the total power collected on the ground-grid and with respect to the total input power of
the orbiting spacetenna are calculated at incremental grid distances out of the specified
diameter.

"Modmain" is the most complex simulation of the MPTS to date in that the
spacetenna is modelled not only as 7220 subarrays (as in "Tiltmain") but each subarray is
modeled as a composition of RF transmitter modules. "Modmain" models over 100,000



modules and simulates phase errors, amplitude errors, failures, and systematic as well as
random tilt.

The "Tiltmain" simulation was unable to model below the subarray level
because its program structure caused data storage limitations problems; "Modmain" is
structured in such a way as to overcome this disadvantage. Previcusly, the amplitude and
phase of each subarray was stored in an array and recalied for each ground point. With
"Modmain" the amplitude and phase of every module is not stored but the contribution of a
module at each ground point is calculated and stored before moving on to the next module
where the contribution is added to the previous ground point contributions.

3.0 . REFERENCE DESIGN VERIFICATION

The computer programs have been used to investigate different antenna
aperture illumination functions. An optimized aperture distribution will maximize the RF
power intercepted by the ground rectenna and minimize the sidelobes and grating lobes. The
types of illumination functions investigated include: Gaussian, cosine on a pedestal, uniform,
reverse phase, inflected Bessel, and quadratic on a pedestal. Each of these was evaluated in
terms of maximum power density at the transmit array and the rectenna, sidelcbe levels, beam
shape, and beam efficiency. Several Taylor series tapers were also explored with general
results indicating that sidelobe levels decrease as the amount of taper increases.

Figure | shows five spacetenna distribution functions and the required space-
tenna size and power densities to produce the same peak power density on the ground and the
same size main beam. Figure 2 depicts the five far-field patterns showing the relative levels
of the sidelobes. It was found that a 10 dB Gaussian taper has the best performance and that
when quantized into at least eight levels produced nearly the same results as a theoretical
continuously variable function. From antenna layout considerations, a 10-step, 10 dB Gaussian
taper was then chosen for the aperture illumination (See Figure 3). The farther out sidelobes
were compared for the continuous and ten-step quantized Gaussian tapers. The results show
very little difference between the two cases.

In order to verify the energy distribution at distances far away from antenna
boresight, it was necessary to determine the roll-off characteristics of the entire antenna.

"This was done by a numerical integration technique applied to the radiation pattern of the

10 dB Gaussian taper distribution. It was established that the sidelobes rolled off at
30 dB/decade of angle. This ccincidentally is the roll-off rate of a uniform circular aperture.
Next, the error plateaus were computed from the assumed error magnitudes and the number of
subarrays associated with three different subarray sizes. The aperture efficiency was also
obtained by numerical integration. Next the subarray roll-off characteristics were obtained by
numerxcally integrating the square aperture distribution for each of 19 different cuts over a
45° sector of . These cuts were then averaged at each 0. The resultant subarray sidelobes
also roli off at 30 dB/decade of angle. There is an additional error plateau associated with the
randomly scattered power by each slot in the subarray. This second plateau will in theory roll
off in accordance with the radiation pattern of the slot.

The lowest integral element in the MPTS is the klystron module, composed of
a klystron, its feed and radiating waveguides, thermal control, solid state driver and RF
control, power dlStI‘lbUthﬂ, power return, and the support structure. The factors in selecting
the klystron module sizes include: RF power density and thus the thermal environment, ease
of quantizing the spacetenna aperture distribution, and awareness of klystron module inter-
faces. The high power density «:. the center of the beam is generated by 36 klystrons, each
rated 70 KW, radiating RF from an area slightly larger than 108 m? (area of subarray). The 36
klystrons are organized into a 6 by 6 matrix. At the edge of the 10 dB tapered antenna a



subarray should have 3.60 klystrons. Since 3.60 is not an integer number, each edge subarray
has 4.0 klystrons formed into a 2 by 2 matrix. Matrix configurations were similarly established
for each power density step in the taper. Due to the klystrcn module system interfaces and
the thermal limitations, the smallest possible size module is 1.5 by 1.5 meters.

The reference system calls for phase control at the klystron module level.
Current thinking defines this level rather than phase control at the subarray level because of
the belief that the modules cannot be assembled together accurately enough to retain a
uniform phase front. The uniform phase front for the subarray could not be achieved due to
the tilt of the modules and the distributed phase errors which occur within the subarray.
Figure 4 shows the comparison between subarray and klystron module phase control level as a
function of random tilt. The peak power density on the Earth is closely correlated to the beam
efficiency and so Figure 4 shows that the klystron module phase control level is significantly
better than subarray level control.

Simulations made to compare phase control level as a function of random
phase error is shown in Figure 5. The results indicate a range of values for both systems,
meaning that for 10° of random phase error both phase control systems have a random range
of values statistically which are equal as would be expected.

Grating lobes are peaks in radiation occuring at angular directions off axis of
the spacetenna where the signals from each of the subarrays add in-phase. The lobe
amplitudes are a function of the mechanical alignment of the modules and the spacetenna
pointing whereas the spatial position of the lobes is dependent upon the modules sizes. When
there is no mechanical misalignment (no tilt of modules or spacetenna), the grating lobes
appear to be split because the peaks of the "array factor" fall directly in the nulls of the
subarray pattern. As tilt occurs, the peaks move out of the nulls, quickly increasing their
amplitude because oi the s'eep slope of the subarray pattern nulls. Figure 6 shows a
comparison between grating lobe amplitudes for module and subarray phase control levels
when two arc minutes of spacetenna tilt is simulated. Once again phase control at the module

. level shows a significant advantage over control at the subarray level.

4.0 SHAPED BEAM SYNTHESIS

In order to improve the overall collection efficiency by increased beam
flatness out to the rectenna edge as well as provide an additional means of sidelobe control,
beam synthesis with resultant phase reversals at some portions of the spacetenna was
considered. These phase reversals are obtained by a fixed phase shifter at the klystron input
and represent a first step towards a continuously variable phase distribution across the
spacetenna, should this be more desirable. The results indicate that it is possible to synthesize
a pattern that is considerably mor= flat-topped than the 10 dB Gaussian or other patterns that
we have investigated. The price paid for this improvement is increased spacetenna size or a
larger rectenna.

It is possible to increase the flatness of the beam without limit with
arbitrarily large apertures and large numbers of beam components. Figure 7 compares the -
10 dB Gaussian taper with the reverse phase taper and the continuous phase synthesis. The
comparison shows the differences in the amplitude and phase illumination tapers across the
spacetenna as well as the far-field patterns. Results show that reshaped beam pattern with
"squarred" main beams are possible but at the expense of larger transmit antennas or larger
rectennas.

The idea of adding a suppressor ring to the spacetenna was investigated in the
hope of significantly reducing the first sidelobe level. Figure 8 presents the results of this



study. The upper left diagram shows the layout of the spacetenna with its uniform distribution
out to 0.72 times the normalized radius and the suppressor ring of width W. The diagram on
the upper right shows the linear relationship between beam efficiency and the first sidelobe
level as the ring width changes. .98 R, means that the width of the suppressor ring is bound by
the edges .98 Ry and R,. Looking at the lower right diagram shows the effect of changing the
phase of the suppressor ring as well as the ring width. From this diagram it may be concluded
that an in-phase ring is better than one which is out of phase. The lower left diagram shows
the far-field pattern produced for the suppressor ring case where the inside edge of the
suppressor ring is at .94 R,. Although the first sidelobe is iower by about 5 dB than the case
without a suppressor ring a significant loss in beam efficiency accompanies this achievement.

A dual suppressor ring case was looked into with a 10 dB taper rather than
the uniform illumination and a larger spacetenna radius of 2 km. Figure 9 presents the
illumination across the large array with the ring closest in out-of-phase by 180° and the second
ring in-phase with the array. The far-field pattern for this case is shown in Figure 10 with a
sidelobe level about the same as the referenced design but a main beam radius which is about
2.35 Km less.

A study was made to look at using defocusing and phase taper for beam
shaping. Cases where the beam was focused at infinity showed much lower peak power density
and much broader beams. These results indicate that reshaped beams with reduced peak levels
are possible at the expense of larger spacetennas or rectennas. '

Quadratic phase taper was utilized to look at shaped beam synthesis. In
Figure 11, the far-field patterns for 4 cases with uniform amplitudes and different quadratic
phase tapers are compared. As ¢ max increases the on-axis power density decreases (see
Figure 11) and the beam efficiency decreases significantly (see Figure 12). Figures 13 and 14
show the far-field patterns and efficiencies for quadratic phase taper with the Gaussian rather
than the uniforrm amplitude taper. These results show that the reference Gaussian taper
without quadratic phase error is the most eifficient pattern. Figure 15 presents a table which
shows how the quadratic phase taper may be utilized to design alternate SPS systems.

5.0 SPS SYSTEM SIMULATION

In this final section thres types of SPS system simulations are described: a)
Incoherent phasing, b) startup/shutdown operations, and c) muitiple beams. Incoherent phasing
was simulated to investigage the effect of complete phase control failure. The results show
that the far-field pattern takes on 3 constant value in the rectenna and sidelobe region. The
constant value is about .003 mw/cm? over 5 dB below the Russian exposure level.

Computer simulations were utilized by JSC to investigate the performance of
the MPTS during startup/shutdown operations. (See paper by G. D. Arndt and L. A. Berlin
entitled "Microwave System Performance For A Solar Power Satellite During
Startup/Shutdown Operations" on p. 1500 in Vol. I of the Proceedings of the 14th Intersociety
Energy Conversion Engineering Conference.) Three sequerices are recommended—random,
incoherent phasing, and concentric rings-center to edge. The use of incoherent phasing is
attractive in that it allows the antenna to be energized in any sequence. In conclusion the
question of energizing the antenna has several practical solutions and should not present
environmental problems.

The possibility of transmitting several power beams from an SPS has
intrigued various researchers for some time. [Recently, some computer runs were made to
verify the capability of transmitting multiple beams using a modified version of the large
array program TILTMAIN. The scheme used *~ generate the beams was the simplest possible



FIGURE 1

one imagineable; namely, splitting the main beam along an axis by spatially modulating the
illumination function by a factor cos (k r sin 8) when: k = 21/}, r = subarray displacemenrt
from center, 6 = beam split angle. Results of a simply split 6.5 G.W. reference Gaussian are
shown on Figure 16, and are as predicte?} except for the central lobe which did not diminish as
the split angle was increased to 6 x 10”" radians. The central peak may be due to an in-phase
residual component in the spatial modulation or a grating lobe effect. Understanding and
eliminating the central peak will be among our future efforts along with investigating various
other multiple beam effects.

6.0 CONCLUSION

The computer simulations described have proven to be powerful versatile
tools in the prediction of RF performance of the space solar power satellite. They are
continually being refined and their use is being extended into the planning of initial
experimental verification of the array performance.
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AN ACTIVE ALIGNMENT SCHEME FOR THE MPTS ARRAY

By

Richard Iwasaki
Axiomatix
Los Angeles, California

In order to maximize the efficiency of the microwave power
transmission system (MPTS), the surface of the array antenna must
be extremely flat, which is difficult to achieve using passive
techniques over the 1 km dimensions of the array. In order to
achieve and maintain this required flatness, a rotating laser beam
used for leveling applications on earth has been utilized as a
reference system. A photoconductive sensor with a reflective
collecting surface is used to determine the displacement and polarity
of any misalignment and automatically engage a stepping motor
to drive a variable-length mechanism to make the necessary corrections.
Once aligned, little power is dissipated since a nulling bridge circuit
that centers on the beam is used, an important alignment feature since
even laser beams broaden considerably at 1 km distances. A three-point
subarray alignment arrangement is described which independently
adjusts, in the three orthogonal directions, the height and tilt of
subarrays within the MPTS array and readily adapts to any physical
distortions of the secondary structure ( such as that resulting from
severe temperature extremes caused by an eclipse of the sun).
Finally, it is shown that only one rotating laser system is required
since optical blockage is minimal on the array surface and that it is
possible to incorporate a number of redundant laser systems for reli-
ability without affecting the overall performance.
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1.0 ROTATING LASER BEAM REFERENCE SYSTEM

A commercially availabie rotating laser system, the Laser
Level, appears to satisfy many of the requirements for achieving
flatness over a very large area. A key element for achieving flatness
is the use of a pentaprism for attaining exact perpendicularity about
the rotating axis. A unique feature of the pentaprism is the automatic
compensation of any tilting resulting from errors such as misaligned
bearing surfaces.

The Helium-Neon laser source must use a collimator to minimize
the inherent beam broadening, a limiting factor for defining alignments
at long distances. It is estimated that the beam diameter expands from
1 mm at the laser to 3 inches at 500 m, and the sensor system must be
able to accommodate this wide range of beam diameters.

2.0 OPTICAL SENSORS

A photoconductive sensor configuration has been devised to
attain atignment with the center of a laser beam, for any laser beam
diameter. The basis for this design is the use of a nulling-bridge
detector circuit that utilizes symmetry about the separation (about
0.1 mm) of two colinear photoconductive strips which total five inches
in Tength. The conductivity of the photoconductor increases with laser
beam illumination sc that equal illumination results in identical resis-
tance and therefore a null in the resistive bridge. This null condition,
when properiy biased, dissipates very little power.

If the two colinear strips are asymmetrically illuminated as a
result of the beam center being offset, however, the nulling condition is
lost and a voltage imbalance occurs. The magnitude and polarity of this
voltage inbalance can be used to drive an electric motar to realign the
csensors as part of a negative feedback loop until null is again realized.

The 0.1 mm separation permits operation close to the rotating
laser system, whereas the 5 inch overall length easily accommodates the
3 inch diameter Taser beam at extremities of the array. Tapering of the
tips of the photoconductive strips near the gap will compensate for
relative signal strength changes by providing a variable resistance
along the strip. Further improvements in the laser light collection
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efficiency can be obtained by using optical matching by protective thin
film coatings and by shaping the glass supporting structure into a para-
boloidal or semi-circuiar shape and metallizing it to form a reflective
surface.

Redundancy can be readily implemented by having multiple adjacent
photoconductive strips, each driving separate variable length motors.
Using a pin-and-socket arrangement, these multiple photoconductive
sensors can be as easily replaced as vacuum tubes.

The locations of the three photoconductive sensors required to
align each subarray are just above the attachment points, which are referred
to as the three point support,

3.0 THREE POINT SUBARRAY MOUNT

In order to reduce the number of adjustments required to align the

subarrays, a three point mount with a single support has been studied.

The entire subarray is attached to any secondary structure configuration

by only a singie sturdy support. This single support can readiiy adapt

to any tilting arising from physical distortions of the secondary structure
by simply adjusting the height of the subarray.

The initial alignment procedure, during fabrication, can use the
rotating laser beam reference plane to adjust the position of the single
support mount. Installation consists of sliding this mount into a keyed
slot built into the secondary structure and centering the beam on the
photoconductive sensor located at the center of the subarray where the
single support is attached. The two orthogonal tilting directions are
controlled by two variable length struts which form a triangular truss
with the support and subarray. Each tilting direction is independent of
the other so that iterative adjustment procedures are avoided. During
fabrication, an astronaut would visibly align the photoconductive sensors
above the struts within the laser beam reference plane, and subsequent
adjustments would be implemented by the active alignment instrumentation.
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4.0 OPTICAL SENSOR POSITIONING

The use of a rotating laser beam reference system requires that
a clear field of view to all sensors is desirable such that only one
laser system is necessary to align all the subarrays. Since there are
supporting structures located beneath the subarrays, obviously the flat
radiating surface of the array is a better choice.

If the rotating laser system is in the center of the array and
the optical sensors are 0.125 inches wide, then the closest sensors
7.1 m away would subtend an angle of 0.05°. Sensors located at farther
distances would subtend even smaller angles. For example, the second
set 11.2 m away subtends G.03°. Using the square symmetry of the array,
it is possible to illuminate all of the sensors by offsetting the laser
at least 0.125 inches from the exact center. Larger width photoconductive
sensors can be used and would correspondingly subtend larger angles, but
the offset concept is still valid. Adjustable position sockets for the
photoconductive sensors can provide some flexibility in the event of
inadvertent blockage.

If redundant rotating laser systems are used, a common baseplate
is recommended to ensure that both reference planes are coincident.
Multiple laser systems (with pentaprisms assumed to be 2 cm wide. placed
1 m apart in line with the service corridors discussed in section 6.0
will not obscure the required field of view of each other.

Electromagnetic interference arising from the microwave power
radiated from the array is reduced by the normal orientation of the
photoconductive sensor to the array and its 5 inch length, which, on the
basis of a dipole on a ground plane, has minimal coupling effects. Also,
the metallizing of the sensor, with the possible addition of wire grids
on the exposed optical face, should not permit interference. The effec-
tive cavity formed by the metallized sensor is also non-resonant to the
radiated microwave frequency. Therefore the placement of the sensors on
the array face is not unreasonable.

5.0 VARIABLE LENGTH MECHANISMS

In developing the concepts for an active alignment system, two
of the dominating criteria were to use simple designs and attempt to
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incorporate redundancy provisions suitable for operation in space,
especially in view of the reluctance of using electric motors for long
duration missions.

The variable length mechanism, which is basically a worm gear
drive driven by a stepping motor, is the only electromechanical device
used for this active alignment scheme. The redundant variable length
mechanisms are short segments serially located along the strut, each
independently driven by a separate photoconductive sensor nulling bridge
circuit. If for some reason one motor or the bearings of one variable
length mechanism fails, then the other redundant systems intrinsically
maintain the variable length capability. And if multiple failures occur,
replacement of the entire strut consists of removing and installing only
two pins in a U-clamp arrangement.

The center support attachment is unique in that it uses a uni-
versal ball joint about which the subarray can readily pivot in any
direction. The side orthogonal support struts, designated arbitrarily
as azimuth (Az) and elevation (E1), pivot about the axis formed by the
central universal ball joint and the opposite side strut attachment
point. Since three points in space define a plane and if these three
photoconductive sensors align themselves to the laser beam reference
plane, then the subarray is considered aligned. And on a macroscopic
scale, if all subarrays are aligned, the array itself is aligned.

Since worm gear drives move by the rotation and translation along
a pitched thread, the actual physical movement can be made quite small
by means of gearing ratios and stepping motors. Further, by geometrical
considerations of the triangular struts, the actual amount of tilting for
a given amount of variable length change is quite small. Therefore an
extremely high degree of resolution is achievable in adjusting the ori-
entation of the subarray and therefore the array itself. Once this premise
is accepted, then it is easy to imagine that the design engineers can extend
the concept so that the desired practical resolution is feasible, by the
proper choice of pitched threads and the specifications for the stepping
motor.



6.0 MAINTENANCE SERVICE CORRIDORS

One aspect of the three-point support is the existence of a
square matrix of service corridors or passageways directly under the
subarrays for rapid accessibility for necessary repairs. A service
vehicle traversing these corridors will be at most only half a subarray
dimension away from any position in the array. In addition, since there
are only three supports per subarray, the supporting under-structure is
not cluttered.

The matrix of corridors also presents the possibility of incor-
porating a shadow-masking alignment monitoring scheme using 170 laser
beams on two adjacent sides passing through strategically placed aper-
tures under the subarrays and incident on detecting sensors on the
opposite side. Misalignment is indicated by the loss of signals in
both intersecting laser beams, thereby immediately locating the source
of the problem.

7.0 MONOPULSE POINTING SYSTEM

A related topic of discussion to the alignment scheme is the
accurate pointing of the MPTS array towards the effective location of
a pilot beam, which may vary due to refractive variations of the iono-
sphere. One method which might be considered is a monopulse tracking
system that senses the phase differentials of an encoded pilot beam
and points the array in the proper direction. Although this scheme will
not permit rapid compensation, if the ionospheric fluctuations are slow,
the pointing accuracy will be adequate such that instantanecus fine
pointing adjustment by an auxiliary retrodirective pilot beam phase
reference system is possible.

Four receiving antennas, mounted within a microwave baffle to
reduce coupling effects to the radiated microwave power, located at the
extremities of the array, will allow active tracking of the pilot beam
source located at the rectenna.
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A POWER DENSITY LEVEL OF 23 MW/€M2 HAS ACHIEVED

THE STATUS OF A FIRM DESIGN SPECIFICATION BASED ON
THEORETICAL CALCULATIONS OF A THRESHOLD FOR MICROWAVE-
1ONOSPHERE NONLINEAR INTERACTION (THERMAL RUNAWAY).

THERMAL RUNAWAY IS NO LONGER A VALID THEORETICAL
CONCEPT ALTHOUGH FOR COMPARABLE POWER DENSITIES ENHANCED
ELECTRON HEATING IS OBSERVED TO CHANGE THE ELECTRON
TEMPERATURE BY A FACTOR OF THO OR THREE, BUT NOT BY AN
ORDER OF MAGNITUDE.

THERE 1S, SO FAR, NO EXPERIMENTAL EVIDENCE TO
SUPPORT 23 MW/cMZ AS AN UPPER LIMIT.

THE QUESTION TO BE POSED AND ANSWERED 1S AT
WHAT POWER DENSITIES IS THE IONOSPHERE MODIFIED IN A
WAY THAT PRODUCES UNACCEPTABLE COMMUNICATION EFFECTS
AND/OR ENVIRONMENTAL IMPACTS?
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FREQUENCY

6-10 MHz
430 MHz

2380 MHz

ARECTBO' TEST RESULTS

CASE 1 HEATING WAVE PENETRATED THE [ONOSPHERE

OHMIC HEATING DIAMETER OF~HEATED CROSS SECTION
AS A FRACTION OF  VOLUME RELATIVE TO FOR FIELD-ALIGNED

5 GW SPS Heatine  SPS HEATED VOLUME  SCATTER IS LESS THAN

1% 3,00 4 x 1073me
10% . 0.10 oy 1073
5% 0.01 1072
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ARECIBO TEST RESULTS

CASE 2 Heatine WAVE REFLECTED BY THE IONOSPHERE
(NOT THE SPS ConpITION)

PLASMA INSTABILITIES ARE EXCITED BY THE HF HEATER
WAVE LEADING TO FIELD-ALIGNED STRIATIONS THAT SCATTER RADIO
WAVES .

FIELD-ALIGNED RADIO-SCATTERING CROSS-SECTIONS UP
10 10°M7,

SINCE THE EXCITATION OF THESE INSTABILITIES REGUIRES
A MATCHING OF THE HEATER FREQUENCY TO THE IONOSPHERIC PLASMA
FREQUENCY, A CONDITION THAT IS NOT MET BY THE SPS, THEY WILL
NOT BE EXCITED. NO OTHER INSTABILITIES ARE PRESENTLY KNOWN
THAT THE SPS FREQUENCY WILL EXCITE. |

THE SIMULTANEOUS ILLUMINATION OF THE IONOSPHERE BY
THE SPS FREQUENCY AND A SECOND FREQUENCY SEPARATED BY ABOUT
15 MHz OoR LESS COULD PRODUCE THE INSTABILITIES DESCRIBED
ABOVE,



ENHANCED ELECTRON HEATING BY THE SPS BEAM

(1) WILL INCREASE ELECTRON TEMPERATURES BY UP TO A FACTOR OF THREE
OR MORE, MOSTLY IN THE LOWER IONOSPHERE.
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ENHANCED ELECTRON HEATING BY THE SPS BEAM

f2) 1S PREDICTED TO BE DEPENDENT ON THE INCIDENT POWER DENSITY.
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ENHANCED ELECTRON HEATING BY THE SPS BEAM

(3) WILL INCREASE ELECTRON TEMPERATURES IN AND NEAR THE BEAM BY SMALL FACTORS.
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HEIGHT (km)

ENHANCED ELECTRON HEATING BY THE SPS BEAM

(1)  WILL CHANGE THE ELECTRON DENSITY IN THE BEAM BY SMALL AMOUNTS,
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OBSERVATIONS OF ENHANCED ELECTRON HEATING AT ARECIBO ARE CLOSE TO, BUT BELOW,
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COMPARISON OF 5800 MHz AND 2450 MHz

MEDIUN

IONOSPHERE

NEUTRAL ATMOSPHERE AT 60° ELEVATION ANGLE
RAIN (25Hm/HR OVER 20 km PATH IN BEAM)

HAIL (1,93 cm DIAMETER HAILSTONES, 10 m
PATH THROUGH THE BEAM)

2450 MHz

1K

90 MW

45 MW

pry . 0.2 GW
WET. 2.7 GW

5800 MHz

0.25 W

100 MW
1.450 GW
7 GW
.99 6

9 GH



Th

RADAR ECHOES FROM FIELD-ALIGNED STRIATIONS




£

RADAR ECHOES FROM FIELD-ALIGNED STRIATIONS

f * ‘M“““”’ - ls:’h‘r“‘ "‘;'\'—'\“; \'V“WM“W“’Q A
Lo W . o u."ulﬂ“u (P R

oD nsirs 1, [ 0 e

[ s&c



ud

NC2+-19548 ~

PROPOSED EXPERIMENTAL STUDIES FOR ASSESSING IONOSPHERIC
PERTURBATIONS ON SPS UPLINK PILOT BEAM SIGNAL

Santimay Basu and Sunanda Basu
Emmanuel College
Boston, MA 02115

Introduction

The microwave beam of the proposed Solar Power Satellite (SPS)
at geosynchronous altitude is to be formed and directed by
phase information derived from a pilot signal at 2.45 GHz
transmitted from ground and received in a number of module
locations on the SPS antenna. The frequency of the pilot
signal has been chosen to be sufficiently low as to avoid
the effects of strong scattering by turbulence in the
neutral atmosphere and yet high enough to avoid any possible
refractive effects caused by the ionized upper atmosphere.
However, the ionosphere is known to contain irregular
variation of concentration due to natural processes and

the downlink microwave beam has also Leen predicted to
interact with the ionosphere to cause rtificial irregular-
ities (Perkins and Valeo, 1974; Perkins and Roble, 1978;
Duncan and Behnke, 1978). Thus the uplink pilot signal has
to propagate through the ionosphere containiig natural and
possibly some artificial dirregularities. In view of the
fact that microwave signals from communication satellites
suffer considerable perturbations both in intensity and
phase in the equatorial amnd auroral zones there has been
some concern that the uplink pilot signal may suffer
perturbations with possible consequences to the formaticn
of the downlink high power microwave beam. While there

may exist some satisfaction regarding the SPS site location
at midlatitudes avoiding the intense belt of equatorial

and auroral irregularities, there is evidence for the
occurrence of ionospheric irregularities at midlatitudes
causing considerable perturbations of signal dintensity at
VHF and even at GHz. Though these effects due to natural
irregularities are usually smaller at midlatitudes as
compared to the equatorial zone, the effective perturbations
at midlatitudes may become magnified if a geostationary
satellite acquires finite orbital inclination. The
generation of artificial irregyularities by ionospheric
heating in the underdense mode and the effects thereof

on transionospheric microwave propagation remain totally



unexplored from the experimental standpoint. In the
following sections we shall provide some evidence of the
occurrence of patural irregularities at midlatitudes based
on scintillation measurements by the use of VHF and GHz
transmissions from geostationary satellites and satellite
in-situ measurements. We shall then provide an outline of
our proposed measurements related to the detection,
lifetime and drift of artificial irregularities generated
by ionospheric heating in the underdense mode.

Formulation of the Problem

Figure 1 illustrates that in the presence of fluctuations
of ionospheric electron concentration confined within a
layer of thickness L,, an incident plane wave undergoes
phase fluctuations as it emerges from the layer. For small
phase fluctuations, the emerging wavefront contains only
phase perturbations without any fluctuations in intensity.
As the wavefront propagates towards the observer's plane,
phase mixing occurs and thereby spatial intensity f£luctua-
tions also develop. In the presence of a relative motion
between the propagation path and the irregularities, the
spatial variations of intensity and phase sweep past the
observer's receiving system giving rise to temporal varia-
tions in phase and intensity called phase and intensity
scintillations. In the practical situation, such as for
the SPS case, or radio wave scintillation measurements,
the ionospheric irregularities between the transmitter and
the receiver are located in the far zone of the transmitter
so that the radiation can be well approximated by a
spherical wave. On the other hand, the beam nature of the
wave has to be considered when the irregularities are
located in the near zone of the transmitter as frequently
encountered in optical propagation (Ishimaru, 1978).

In the case of spherical wave propagation between a
transmitter and receiver separated by a distance L and the
scatterers at a variable distance n from the transmitter
the correlation functions of intensity (I) and phase (9)
over the receiving plane in the weak-scatter regime are
given by:

Br(L,p) = <I(L,p;)I(L,p,)>

2 L ® 2
(2m) fdn [ x dx J_(xnp/L) [H,]| ¢ _(x) (1)
0 (o]



Bo(L,p) = <¢(L,p;)0(L,p,)>
2 L ® 2
= (2m) [ dn [ xdk J_(knp/L) ]Hil (k) (2)
o o
where
p - dimension transverse to propagation path
K - irregularity wave number
@n(K) - drregularity wave number spectrum
k"~ wave number of the propagating wave
2 2 . 2 2
lB_|" = k% sin”|n(L-n)x"/2kL|
[Hil2 = k2 coszln(L—n)Kz/ZkL]

The variance of intensity and phase may be obtained by putting

P = 0 in equations (1) and (2). These equations may be used
to obtain the respective variances from a knowledge of the
irregularity spectrum. In solving the equations for the

ionospheric case, it must be considered that the irregulari-
ties in the inertial subrange cause the diffraction effects

as distinct from the case of geometrical optics. Measurement
of variances and temporal spectra allow a determination

of the strength of turbulence which may then be used to derive
the structure functions of phase and intensity. In principle,
direct measurements of phase and intensity correlations are
possible using the spaced receiver technique with variable
baselines.

Strong Ionospheric Irregularities at Midlatitudes

At Ramey Air Force base near Arecibo, Puerto Rico, night-
time scintillation events accompanied by long period (30
mins to 1 hour) wvariations of total electron content have
been routinely observed (Kersley et al., 1979; Basu et al.,
1979). The top panel in Figure 2 shows the temporal (local
time = UT-4.5 hours) variations ¢f total electron content
measured with a radio polarimeter by the use of 137 MHz
transmissions from geoustationary satellite, SMS~1. The
bottom panel shows that the fluctuations in total electron
content were accompanied by intensity scintillations in
cxcess of 15 dB.

Satellite in-situ obscrvations have also revealed existence
of such large and mall scale structure ncar Arecibo. The
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solid line in Figure 3 shows the spatial variation of ion
concentration, N (or electron concentration for charge
neutrality at F region heights) recorded by the ion drift
meter on board the Atmosphere Explorer E satellite. The

AE-E data has been kindly made available to us by W.B.
Hanson. The ion concentration is sampled 16 times per sec.
The irregularity amplitude AN/N computed from 3-sec intervals
of N data are indicated by the circles. The satellite
altitude, longitude, magnetic local time and latitude

are indicated in the diagram. Long period spatial variations
of electron concentration, as well as, steep horizontal
gradients at a latitude close to that of Arecibo may be
noted. Such steep gradients are accompanied by small

scale irregularities with amplitudes exceeding 10%. Such
levels of irregularity amplitude (AN/N) and ambient density
(N) provides AN values which can explain observed scintil-
lation events near Arecibo shown in Figure 2 if we assume

a layer thickness of about 100 km (Basu and Basu, 1976).

In Figure 4 we show a case of similar perturbations of total
electron content accompanied by 1 dB fluctuation of inten-
sity at 1.7 GHz (Fujita et al., 1978). Such levels of

GHz scintillation activity with a maximum of 2.3 dB are
often observed near the June solstice at Kashima, Japan
with ETS-II satellite, for which the propagation path is
nearly aligned with the earth's magnetic field. It may

be of interest to note that the magnetic dip location of
Kashima is nearly identical to that of Arecibo although the
geographic latitude is higher than Arecibo. An equivalent
enhancement of scintillation activity may be encountered

at U.S. sites such as, Boulder or Arecibo, if the geo-
stationary satellite acquires finite orbital inclination.
Such large amplitude natural irregularities may cause phase
perturbations at the SPS frequency. Their effects on both
the pilot and power beams should be carefully assessed.

Proposed Measurement of Phase and Intensity Scintillation

Effects During Ionospheric Heating

We have made plans to perform several experiments in con-
junction with RF ionospheric heating both in the overdense
and underdense modes at Arecibo and at Platteville. In
December, 1979, we had planned to make use of the Arecibo
hcating facility and perform ground and airborne measure-
ments of the effects of ionospheric heating. Figure 5
shows the observing geometry, the shaded region indicating
the heated volume at 5 MH=z. From Roosevelt Roads, Puerto
Rico, we planned to receive the 249 MHz transmissions

from LFS~9 and ohtain the varia-ce and temporal spectra
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of phase and intensity scintillations at that frequency.
In view of the finite orbital inclination of LES-9 satellite,
the locus of the intersection of the propagation path with
300 km ionospheric height lies within the heated volume
between 06-10 UT. 1In addition, the AFGL Airborne Ion-
ospheric Observatory agreed to provide supporting measure-
ments of phase and intensity scintillations _ using LES-9
and Fleetsatcom satellites (Figure 5) 6300 2 airglow and
ionosonde measurements. The Fleetsatcom satellite was
chosen to probe the ionosphere outside the heated volume
and detect the presence of naturally occurring irregular-
ities. The aircraft was also expected to scan the heated
region to define the extent of the perturbed volume.
Simultaneous diagnostic incoherent scatter measurements
from Arecibo Observatory were requested for determining
the electron concentration and temperature.

Unfortunately, the Arecibo Heating Facility could not be
made operational in December, 1979 so that the above ex-
periments had to be postponed. However, we have drawn

up a back-up plan for similar experiments using the LES-8
satellite in conjunction with the heating facility at
Platteville during Feb-March, 1980 (Rush et al., 1979).

In addition to some of the experiments outlined above, we
have planned to include spaced receiver scintillation
measurements to obtain ionospheric drift. We also propose
to set up an observing station such that a field aligned
propagation path can be viewed through the heated volume.
These measurements will provide an estimate of the phase
and intensity structure functions. Experimental support
for the above program will be provided by Dr. J. Aarons

of AFGL. At a later date, we shall utilise the phase
coherent spread spectrum signals from NAVSTAR-GPS satellites
at 1575 MHz and 1227 MHz to make accurate phase scintilla-

tion measurements in the GHz range. These results are
exr cted to provide a direct input to the design of the
SP> system. However, it is essential that the heating

facilities at Arecibo and Platteville be upgraded as
proposed by Gordon and Duncan (1978) and Rush et al.,
(1979) to meet the SPS power density levels at F-region
altitudes before accurate experimental results can be
provided for predicting SPS ionospheric and telecommuni-
cation systems impact.

This work was partially supported by National Science Foundation Grant

No. ATM 78-25264 and Air Force Geophysics Laboratory Contract F19628-78-C~-0005.
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Figure 4.
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PERFORMANCE ANALYSIS AND SIMULATION OF
THE SPS REFERENCE PHASE CONTROL SYSTEM*

W. C. Lindsey and C. M. Chie
LinCom Corporation
P.0. Box 2793D
Pasadena, CA 91105

ABSTRACT

This short paper provides a summary overview of the SPS reference
phase control system as defined in a three phase study effort (see Refs.
1-5). It serves to summarize key results pertinent to the SPS reference
phase control system design. These results are a consequence of
extensive system engineering tradeoffs provided via mathematical
modeling, optimization, analysis and the development/utilization of a
computer simulation tool called SOLARSIM.

1.0 INTRODUCTION

The SPS reference phase control system investigated under contract
to the Johnson Space Center is reviewed in Section 2. The next section
is devoted to the analysis and selection of the pilot signal and power
transponder. The SOLARSIM program development and the simulated SPS
phase control performance are treated in Section 4.

2.0 THE SPS CONCEPT -AND THE REFERENCE PHASE CONTROL SYSTEM

Figure 2.1 illustrates the major elements required in the operation
of an SPS system which employs retrodirectivity as a means of
automatically pointing the beam to the appropriate spot on the Earth.
From Figure 2.1 we see that these include: (1) the transmitting
antenna, hereafter called the spacetenna, (2) the receiving antenna,
hereafter called the rectenna, and (3) the pilot signal transmitter.

The rectenna and pilot signal transmitter are lTocated on the Earth. The
purpose of the spacetenna is to direct the high-power beam so that it
comes into focus at the rectenna. The pilot signal, transmitted from
the center of the rectenna to the spacetenna, provides the signal needed
at the SPS to focus and steer the power beam.

As seen from Fig. 2.1 the SPS phase control system is faced with
several key problems. They include: (1) path delay variations due to
imperfect SPS circular orbits, (2) ionospheric effects, (3) initial beam
forming, (4) beam pointing, (5) beam safing, (6) high power amplifier
phase noise effects, (7) interference (unintentional and intentional),
etc.

2.1 SPS-Transmitting System Concept

From the system engineering viewpoint, the SPS transmitting system
which incorporates retrodirectivity is depicted in Fig. 2.2. As seen

*This work was performed at LinCom Corporation for NASA Johnson Space Center
Houston, TX, under contract NAS 9-15782.

_PRECEDING PAGE BLAKK NOT FILMER
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from Fig. 2.2 the SPS Transmission System consists of three major
systems: (1) The Reference Phase Distribution System, (2) The
Beamforming and Microwave Power Generating System, and (3) The Solar
Power to Electrical Power Conversion System.

2.2 Reference System SPS Pilot Waveform

The reference syste™ SPS pilot waveform utilizes: (1) NRZ command
modulation, (2) split p’ se, direct sequence pseudo-noise or spread
spectrum modulation, B" -,-DS. This combined data-code modulation is
used to bi-phase modulate (BPSK) the RF carrier. Multiple access in the
SPS network is to be achieved via code divison muitiple access
techniques (CDMA). Thus the baseline SPS pilot waveform is characterized
via four modulation components summarized by the symbols:

NRZ / BPSK / Bl-¢-DS / CDMA

Command f Spread TC_—— Multiple Access
Modulation Spectrum Modulation
RF Carrier Modulation

Moduiation

A funciional diagram indicating the mechanization of the pilot
transinitter is shown in Fig. 2.3. As illustrated the data clock and
code ciock are coherent so that the uplink operates in a data privacy
format. The purpose of the spread spectrum (SS) code generator is
several fold. First it p-ovides Tink security, second it provides a
multiple access capability for the operation of a network of SPSs, and
third, the anti-janming protection is provided for both intentional
radio frequency interference (RFI) and unintentional RFI such as those
arising from a neighboring SPS on the adjacent orbit. Proper choice of
this code modulation will also provide the needed isolation between the
uplink and the downlink, since a notch filter can be placed around the.
carrier frequency at the SPS receiver input to blank out the
interferences without destroying the uplink signal (see pilot signal
spectrum in Fig. 2.3). The selection of the PN code parameters to
achieve the code isolation and processing gain required will be
addressed in Section 3.

2.3 Reference Phase Control- System

The reference phase control system concept was presented in detail
in Ref. 3; its major features are summarized in this section. Based
upon earlier study efforts (Refs. 3,4), a phase control system concept
has been proposed which partitions the system into three major levels.
Figure 2.4 demonstrates the partitioning and represents an expanded
version of Fig. 2.2. The first level in Fig. 2.4 consists of a
reference phase distribution system implemented in the form of phase
distribution tree structure. "The major purpose of the tree structure is
to electronically compensate for the phase shift due to the transition
path lengths from the center of the spacetenna to each phase control
center (PCC) located in each subarray. 1In the reference system, this is
accomplished using the Master Slave Returnable Timing System (MSRTS}
technique. The detailed mathematicaTl riodeTing and analysis of the
MSRTS tec.nique is provided in Ref. 4. Based upon extensive tradeoffs

Gt
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using SOLARSI* ard appropriate analysis during the Phase II study, a
four level tree is selected to be the reference phase distribution
system configuration.

The second level is the Beam Steering and Microwave Power
Generation System which houses the SPS Power Transponders. This
transponder consists of a set of phase conjugation multipliers driven by
the reference phase distribution system output and the output of a pilot
spread spectrum receiver (SS RCVR) which accepts the received pilot via
a diplexer connected to a separate receive horn or the subarray
itself. The output of the phase conjugation circuits serve as inputs to
the third level of the phase control system. The third level of phase
control is associated with maintaining an equal and constant phase shift
through the microwave power amplifier devices while minimizing the
associated phase noise effects (SPS RFI potential) on the generated
power beam. This is accomplished by providing a phase-locked loop around
each high power amplifier.

2.4 Reference System-SPS-Power Transponder

In addition to distributing the constant phase reference signal
over the spacecenna, a method for recovering the phase of the received
pilot signal is required. Figure 2.5 represents the functional diagram
of the SPS power transpoider. This includes the pilot signal receiver,
phase conjugation electronics and the high power amplifier phase control
system.

In the mechanization of the SPS power transponders, two receiver
"types" will be required; however, most of the hardware will be common
between two receivers. One receiver, the Piiot-_pread-Spectrum
Receiver, is located at the center of the spacetenna or the reference
subarray. It serves two major functicns: (1) acquires the S§ code, the
carrier and demodulates the command signal, (2) provides the main iput
signal to the Reference Phase Distribution System.

The second receiver "type" will be located in the Beem Forming and
Microwave Power Generating System. 1Its main purpose is to phase
conjugate the received piiot signal and transpond power via the j-th
spacetenna element, j = 1,2,...,101,552. T

In the case that data transmitting capability is not implemented
for the pilot signal, the Costas loop can be replaced by a CW loop.
This avoids the need for provisions to resolve the associated Costas
Toop induced phase ambiguity.

3.0 PILOT SIGNAL-DESIGN AND -POWER TRANSPONDER- ANALYSIS

The key technical problem areas concerning the reference phase
control system design and specifications are the SPS pilot signal design
and power transponder analysis. Figure 3.1 illustrates the radio
frequency interference (RFI) scenario.

The interferences are generated by different mechanisms: (1) self
jamming due to the power beam leakage from the dipiexer/cii.ulator;

(2) mutual coupling from adjacent transponders,(3) thermal noise and (4)
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interference from adjacent SPSs. The signal and interference spectrum
at the input to the SPS transponder is depicted in Fig. 3.1. 1In
general, the combined phase noise interference from the power beams
consists of a coherent and a noncoherent term. Depending on the
mechanizaton of the antenna structure and diplexer/circulator
characteristics, these terms are associated with gains K; and K,. Note
that the phase noise interferences are concentrated around the carrier
frequency (2450 MHz). The uplink pilot signal on the other hand has no
power around this frequency. Its power spectrum peaks at f 0.75 R.,
with a value proportional to the produce of the received power (P ) and
the PN chip rate (R.), and inversely proportional to the PN code Tength
(M}. The parametewg RC and M are related to the processing gain of the
PN spread signal and determines its interference suppression
capability. The RF filter characteristic is mainly determined by the
waveguide antennas, which have bandwidths ranging from 15 to 45 MHz
depending on the array area. Our goal is to optimally select (1) the
pilot signal so that it passes the RF filter with negligible
distortions, and (2) a practical notch filter that rejects most of the
phase noise interferences. When this is done, one can be assured that
the reconstructed pilot signal phase after the sync loops is within a
tolerable error for the retrodirective scheme.

3.1 Pilot Signal Parameter Selection

SOLARSIM is developed to enabie performance tradeoffs of pertinent
design parameters such as pilot signal transmitter EIRP, PN code
requirement, chip rate and RF front end characteristics (notch
filter). The computer model is based upon a mathematical framework
which includes the analytical models for power spectral density of the
pilot signal, various sources of interference, the RF front end, the PN
tracking loop and the pilot tracking loop. The resulting design values
are provided in a later section.

3.2 Power Transponder Analysis

Analytical models are developed for the SPS transponder tracking
Toop system that include: (1) the PN despreader loop, (2) the pilot
phase tracking (Costas) loop and (3) the PA phase control loop. The
phase reference receiver that feeds the phase distribution system is
also modeled. Various sources of potential phase noise interferences
are identified and their effects on the performance of the individual
Toops are modeled. In particular, a model of the phase noise profile of
the klystron amplifier based on a specific tube measurement is
introduced. Important implications on the PA control loop design are
also addressed.

An analytical model for evaluating the overall performance of the
SPS transponder is given. The phase fluctuation at the output of the
transponder is shown to be directed related to the various noise
processes through the closed-loop transfer functions of the tracking
loops. These noise processes are either generated externally to the
transponder circuitry such as ionospheric disturbances, transmit
frequency instability, or externally such as receiver thermal noise,
power beam interferences, data distortions, VCO/mixer phase noise and
the phase varijations introduced by the reference distribution tree.

7
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3.3 Summary of Results

The important findings and preliminary specifications the
transponder design parameters and results based upon SOLARSIM and the
analytical models discussed in Sections 3.1 and 3.2 can be summarized as
follows:

*EIRP = 93.3 dBW

PN Chip Rate ~10 Mcps

+RF filter 3 dB cutoff frequency ~ 20 MHz

eNotch filter 3 dB cutoff frequency ~1 MHz

«Notch filter dc attenuation ~ 60 dB

PN Code period ~1 msec

«Costas loop phase jitter « 0.1 deg for 10 Hz loop bandwidth
«Channel Doppler is negligible

*Klystron phase control loop bandwidth > 10 kHz

In arriving at these design values, we have used extensively the
capabilities of SOLARSIM to perform the necessary tradeoffs. Figure 3.2
represents a typical design curve generated via SOLARSIM and used to
pick the RF filter 3 #B cutoff frequency. The details and other
tradeoffs performed are documented in Ref. 5, Voi. II.

The preliminary results are generated using a tentative model of
RFI with coupling coefficients K, = K, = 20 dB. Explicitly, we assumed
that the transponder input sees a CW interference with power equal to
0.65 KW and a phase noise (1/f type) interference at about 20 W. Of
course, when these values are changed significantly, our predictions
have to be modified. For this reason, the development and verification
of an acceptable model for the effects of mutual coupling on the phase
array antenna based upon the "near field" theory is extremely important
and essential in the near future.

A maximum-length linear-feedback shift register sequence, i.e.,
m-sequences generated by a 12 stage shift register with a period equal
to 4095 is recommended as the spread spectrum code.In the code division
multiple access situation, the theoretical optimal solution is to use
the set of 64 bent function sequences of period 4095, enabling as much
as 4095 simultaneous satellite operation of the SPS network. The bent
sequences are guaranteed to be balanced, have long linear span and are
easy to initialize. However, the set of maximum length sequence of
period 4095, though suboptimal, may suffice. This depends of course on
the code partial correlation requirement and the number of satellites in
the network. The design detail is discussed in Ref. 5, Vol. II.

At this point our results indicate that it is feasible to hold the
antenna array phase error to less than one degree per module for the
type of disturbances modeled in this report. However, there are
irreducible error sources that are not considered herein and their
effects remain to be seen. They include: (a) reference phase
distribution errors, (b) differential delays in the RF path.

4.0 SPS PERFORMANCE EVALUATION VIA SOLARSIM
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Because of the complicated nature of the problem of evaluating
performance of the SPS phase control system and because of the
multiplicity and interaction of the problems as they relate to subsystem
interfaces, the methods of analysis and computer simulation (aralytical
simulation) have been combined to yield performance of the SPS system.
The result is the development of SOLARSIM--a computer program package
that allows a parametric evaluation of critical performance issues. The
SOLARSIM program and its various subroutines have been exercised in
great detail to provide system engineering tradeoffs and design data for
the reference system. In what follows, we shall focus on the key
results obtained from one of the SOLARSIM subroutines, viz., POWER
TRANSFER EFFICIENCY.

4.1 System Jitters and Imperfections Modeled in POWER TRANSFER
EFFICIENCY

The system jitters and imperfections can be grouped into two main
classes: (1) jitters arising due to spacetenna electrical components
which include such effects as the amplitude jitter and the phase jitters
of the feed currents and (2) jitters arising due to the mechanical
imperfections of the spacetenna which include the subarray tilts
(mechanical pointing error), tilt jitters and the location jitters. The
lTocation jitters include the transmitting and receiving elements and
arise from the misplacement of the radiating elements.

4.2 Definition of Power Transfer Efficiency

The power transfer efficiency adopted is defined by:

POWER TRANSFER . Power Received by the 10 km Diameter-Rectenna
EFFICIENCY Total Power Radiated by the Spacetenna

This definition is convenient because the multiplying constants due to
the propagation ‘through the medium cancel ocut from the numerator and
denominator.

4,3 Effects of System Imperfections on SPS £fficiency

Figures 4.2 - 4.3 summarize the effects of the various system
imperfections on the SPS power transfer efficiency obtained through
SOLARSIM. In Figure 4.1, the power transfer efficiency is plotted
against the total phase error produced by the SPS phase control
system. For a mechanically perfect system with no location jitters and
mechanical pointing errors or jitters (curve (I) ), the total rms phase
error is restricted to less than 10° at RF to yield a 90% efficiency.
Curve (2) depicts the influence of the mechanical pointing error
(assumed to be 10' with a jitter of 2') when the location jitters are
absent. As can be seen from the figure, for a total phase error of 10°
the power transfer efficiency of the spacetenna drops down to 87.3%.
When the location jitters of 2% of Tambda is added for the transmitting
and receiving elements, this number drops down to 82.0% isee Curve

@)). It is expected that the SPS system will operate in the region

between Curve (:) and (:) . In this case, the power transfer efficiency
will be less than 90% for a typical rms phase error of 10 degrees.
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Figure 4.1. SPS Power Transfer Efficiency VS RMS Phase Error.
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4.3.1 Current Amplitude Jitter

The effect of the current amplitude jitter is shown in Fig. 4.2 for
a mechanically perfect system. As can be seen from the figure, for an
amplitude jitter of 5%, the power transfer efficiency of the
mechanically perfect spacetenna with the current phase jitter of g
92.3%. This value drops to 91.63% for the total phase error of 5 and
to 89.57% for a total phase error of 10°. One can conclude that the
power transfer efficiency is relatively insensitive to the amplitude
jitters.

4.3.2 Location Jitters

Figure 4.3 investigates the effects of location jitters 6n the
power transfer efficiency of an otherwise perfect SPS. As can be seen
from the figure, the degradation of efficiency is severe: for a
location jitter on each radiating element of 2% ) the power transfer
efficiency 1rops to 88 3%. As a comparison, Fig. 4.1 shows that for a
rms phase ecror of 7% (2% » = 7.2 ) the efficiency is down to 91.2%. It
is noticeable that the effect produced by location jitters on the
receiving {conjugating) elements is comparable to the effect produced by
the phase error. This is true because both these effects enter into the
transmission system at the same physical point, i.e., the center
subarray. On the other hand, power transfer efficiency is rather
sensitive to the location jitter on the radiating elements.
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DESIGN AND BREADBOARD EVALUATION OF THE SPS
REFERENCE PHASE CONTROL SYSTEM CONCEPT

P. M. Hopkins and V. R. Rao

Lockheed Engineering and Management Services Company, Inc.

1. INTRODUCTION

Efficient operation of a very Targe phased array such as the proposed solar
power satellite [1], requires precision focusing aad pointing of the power
beam; i.e., the power beam must have a planar wavefront directed precisely
at the center of the target antenna (rectenna). To maintain such a power
beam requires real-time phase compensation at each subaperture in order to
adjust for structural deformations and other transitory factors. In the
current solar power satellite (SPS) haseline, the spaceborne antenna (Space-
tenna) is an active retrodirective array [2], [3]. A pilot signal trans-
mitted from the center of the rectenna is phase-conjugated at each subaper-
ture (power module) of the spacetenna, thereby assuring that the radiated
composite wave is focused on the target. This scheme requires a large amount
of precision 2lectronic circuitry on the spacetenna. Specifically, pilot
receivers must be located at each power module and an adaptive distribution
network is required in order to provide a properly phased reference signal
at each conjugator [4], [5].

In order to verify theoretical and simulation results, a project was initiated
by the Tracking and Communication Systems Department of Lockheed Electronics
Company to design, develop, and test a breadboard system comprising a pilot
receiver and transmitter, phase distribution system, and power transponder.
This breadboard system is to be used in the tlectronic Systems Test Laboratory
(ESTL) at the Johnson Space Center. The total breadboard system will include
one pilot transmitter, one pilot receiver, nine phase distribution units, and
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two power transponders. It will be shown in the following sections of this
paper that with this complement of equipment, segments of a typical phase
distribution system can be assembied to facilitate the evaluation of signif-
icant system parameters.

The major objectives of the project are to determine the achievable accuracy
of a large phase distribution system, the sensitivity of the system to para-
meter variations, and the limitations of commercialiy available components
in such applications.

2. ACCOMPLISHMENTS

The design and development of a breadboard Master-Slave Returnable Timing
System (MSRTS) was the first objective of the project. Nine units were
planned; three were completed and used for prototype evaluation tests. Six
remaining units are in final assembly.

2.1 MSRTS BREADBOARD

The MSRTS breadboard system is of a modular design with three major elements.
These are the Phase Tracking Unit (PTU), the Interface/Return Unit (IRU)

and the Main Frame. Modular construction permits the equipment to be confi-
gured in various ways as required to model portions of the proposed SPS

phase distribution tree network. A simplified functional diagram of a single
MSRTS stage is shown in Figure 1. Figure 2 shows the tree distribution
structure for which the breadboard MSRTS is designed.

The major components of the PTU are Voltage Controlled Oscillator (VCO),
loop filter, circulator, mixers and a phase detector. The phase Tock toop
circuitry is used to advance the phase of VCO to compensate for the effect
of the delay inrtroduced by the path between nodes of a tree structure.

At the IRU, two functions are performed. First, a portion of the received
reference signal is returned to the preceding PTU via the single inter-

conn cting cable. This return signal arrives at the PTU with a phase delay
proportional to the Tine length. The delay is measured in the phase detector
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of the PTU, and the VCO phase is appropriately adjusted so that the reference
phase 1s correct at the IRU input. Second, the reference signal at the IRU
is doubled in frequency to match the reference input to the PTU. When the
PTU is phase locked, the phase of the IRU output signal is the same as the
phase of the preceding PTU input signal, within the accuracy limitations

of the hardware. Each IRU can provide up to four outputs.

The Main Frame contains supplies and a patch panel that facilitates the
interconnection between PTU's and IRU's mounted in separate mainframes.

Each mainframe is capable of supporting a total of three PTU's and/or IRU's.

2.2 MSRTS BREADBOARD TEST RESULTS

Three prototype MSRTS breadboard units were used in a variety of test con-
figurations to evaluate the accuracy of phase control and the effects of
component imperfections. These test configurations included those shown
in Figure 3.

For example, the three-node series network of Figure 3c was tested with 30
different cable combinations, using RG-14 coaxial cable in lengths hetween

200 and 250 feet (60 - 80 meters); that is, after initial adjustment of the
test configuration with zero phase error on the vector voitmeter, 30 different
combinations of cables were substituted for Test Cables A and B. For each
combination, the resulting phase error was measured and recorded. The results
are presented in the histogram of Figure 4, which indicates a standard
deviation of ervor of 4.20. This experiment is intended to demonstrate the
accuracy of the breadboard MSRTS with arbitrary cable lengths. It is impor-
tant to note that the cables were not cut to precise measurements.

Another type of phase error measurement was made with the configuration of
Figure 3a. Minor variations in electrical 1line Tenugth were introduced by
means of a phase shifter (PS2). The phase error at the vector voltmeter
was initially nulled with PS2 set to zero. Then PS2 was varied from O to
1800, equivalent to a half-wave variation in cable iength. The resulting
phase error is shown in Figure 5.



P32

980 MHL TES /
R e L e e e SRV S (1) S EL

@ VECTOR |

a) TWO-NODE .
TEST TEST .
CABLE CABLE

A
480 MHzZ 5 '
————dnd 2T : PTU y-ﬂ———( IR
SOURCE Fx2 U 5 S | kU ﬁ .

/A;( | VEcToR } |
VOLT METER
>\/ Psi

b) THREE-NODE SERIES

980 MH=z

, — TEST - —
SOURCE —1{x2 PTU s CAELE %"Im

PTU

TEST CABLE B

IRU
TEST

VELTOR | , CABLE
voLT MeTER (1R c Pra
Dot L .

c) FOUR-NODE SERIES

Lo

YEST
CABLE
CTEsT PT“"‘"‘T{ B fL———qr-IRu
ABLE
980 MHEZ _ _ :
SOURCE §xz PTU e—f A [——irriy )
! - TEST
CABLE
PTWU 'ni-————{ c ,{__.,J‘:Rq -
e b

PsSt
VECTCOR :
od VOLT METER g
T des T ypates !
i) : VEQTT W
P

CVOLT METE <
L. .. . d

d)  FOUR-NODE WYF

Figure 3. MSRTS Breadboard Test Configuration
po



STANDARD DEVIATION OF 30 TRIAL SAMPLE = 4.2 DEGREES

N

.

haM]

i ]

[7g)

=

[en]

[ ]

|_—

<

-

&

(‘g 4, ot

O

L.

(en]

oY

Ll

(=2]

5

= 2

L s et + + 4 g
o) I 2 3 4 5 A 7 8

PHASE ERROR IN DEGREES
(ABSOLUTE VALUE)

Figure 4. Histogram of Three-Node Test Results

o

'
™

INCREMENTAL PHASE SHIFT, DEGREES REFERRED TO MEAN

N

(-} & °
® . PTUT - IRU2
80 FEET RG-188
o o
®
[}
f 1 i )| 1 L
30 bo q0 120 150 180
° A LINE LENGTH,
@ DEGREES @ 1000 M
P [

@
0

Figure 5. Phase Error Versus Minor Line Length Variation.



2.3 INTERPRETATION OF TEST RESULTS

A detailed report of the MSRTS breadboard test results has been prepared
[6]. The conclusions from that report are summarized in the following:

¢ Satisfactory performance can be obtained using readily
available components under closely controlled conditions.

® Commercially available components exhibit non-ideal behavior
which is critical to MSRTS performance, e.g. port-to-port
isolation of mixers and circulators was not sufficient to
prevent extraneous signals which can cause phase errors.
These effects can be minimized with compensating networks.

3. CONTINUING DEVELOPMENT

The breadboard MSRTS will be used as part of a larger breadboard system
which models the total SPS phase control concept. A pilot transmitter
will generate a pseudonoise (PM) code-modulated spread spectrum pilot
carrier at 2450 MHz. A central pilot receiver will phaselock to the pilot
carrier and provide a reference for the MSRTS. At the final level of the
MSRTS tree, each IRU will provide a reference phase signal for a power
transponder. Each power transponder will receive the pilot carrier, phase-
conjugate, and retransmit. The ESTL breadboard system, shown functionally
in a typical test configuration in Figure 6, wilil consist of the following
urits.

e One Pilot Transmitter

e One Central Pilot Receiver
® Nine MSRTS Elements
® Two Power Transponders

o One Kiystron Power Amplifier

These units can be interconnected in various test configurations. Tests
will be performed to evaluate the feasibility of the MSRTS phase control
concept and to determine the sensitivity of the phase control system to
variations in system parameters. In addition, techniques for suppressing
the phase noise of the klystron power amplifier will he investigated.

£L
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Design and development of the ESTL breadboard system will be completed by
March 1980. The test and evaluation program will be completed by July 1980.
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COHERENT MULTIPLE TONE TECHNIQUE FOR
GROUND BASED SPS PHASE CONTROL*
C. M. Chie

LinCom Corporation

Pasadena, CA 91105
1.0 Introduction

The ground based phase control concept has been under study at

LinCom as an alternative aproach to the reference SPS phase control
system (See Refs. 1,2,3). The details of the ground based phase control
system study are documented in Ref. 4. In this short paper we summarize
the coherent multiple tone technique used for the ground based phase

measurement waveform design and phase control system.

2.0 Ground-Based Phase Control Concept

The ground based phase control system achieves beam forming by
adjusting the phases of the individual transmitters on board SPS. The
phase adjustments are controlled by ground commands. To specify the
correct amount of adjustments, the phases of the power beams from each
individual transmitter arriving at the rectenna center must be measured,
the aﬁpropfiate corrections determined (to ensure that all power beams
arrive at the same phase) and relayed to the SPS. The proposed scheme
to be considered is s~quential in nature, i.e., the phase measurement is
performed one at a.time for cach individual transmitter at approximately
one-second intervals (measurement time allocated is 10 psec). The phase
corrections are updated once every second. A 10-bit phase quantization
for the corrections giving 0.35° resolution is envisioned. The uplink
command data rate is on the order of 10 Mbps. The functional operation
of the ground-based phase control concept is summarized in Fig. 1. As

evident from the figure, the key issues that need to be adaressed are:

*This work was pcrformed at LinCom Corporation for the NASA Johnson
Space Center, Houston, TX, under Contract No. NAS2-15782.
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(1) measurement waveform design and selection,

(2) phase measurement pilot reference design and selection,

(3) wuplink phase corrections command 1link format and design, and
(4) system synchronization techniques.

3.0 Two-Tone Phase Measurement Scheme with Coherent Subcarrier

In the basic two-tone measurement scheme, two side tones at fo + Af
are transmitted from the satellite to the ground receiver. A phantom
carrier can be reconstructed from the sidetones by passing the signal
through a squaring circuit. The output will then have a CW component
with frequency 2fy and a phase component equal to (¢1 + ¢2), where 21
and ¢2 are the channel induced phase shifts at fO + Af and fy - Af,
respectively. This phase shift is very close to double the one that
would have occurred if the downlink signal were a single sinusoidat
frequency fg. If we divide the Zfo component by two, we obtain the
averaje phase fl;fgﬂ Unfortunately, the divide by two circuit results
in a 0° - 180° ambiguity.

4.6 Four-Tone Phase Measurement Scheme

The four-tone measurement scheme given in Fig. 2 is a simple
modification of the two-tone scheme. Basically, we first use
frequencies at fy + 2Af for phase error measurement with introduces =
ambiguity. Then we use frequencies at fo + Af for ambiguity
resolution. The scheme works as follows. The transmitted signal at the

input to the transmitting antenna is (neglecting multiplicative

-

constants)
s (t) = cosfwa(1+ 5t + (1+ He. + 2nke
! ‘ 0 N N’Yq N
L % 2nks _
+ coS[wO(l— NJt + (1- N)G] - ~AN~] 9= 01,2
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where 8 includes the commandable phase shift, Zal-is the ambiguity

fo
introduced by the divide by N circuit, f = —N, and £ = 0,1,2 depending
on whether the PM is in the power mode (1), ambiguity resolution monde

(2), or phase error measurement mode (3). At the receiver on the

ground,
s,(t) = cosluy(1+ Lyt + (1+ Doy + 2L + v, (2)]
+ COS[mO(]- N)t + (}' N)e = ZWEL + P_(Z)]

where ¢, (2) and o (%) are the phase shifts jntroduced by the channel.
The reference signal 53(t) is g1ven by
2nam ]

3(t) = cos[m0(1+ )t + (]+ ) og + S

+ COS[w (1- N)t + (1- l)e gﬂ§3 ]
where 6p is the phase of the ground reference, and ng is the ambiguity

introduced by the ground divide by N circuit. If the operations are
synchronized, we can then measure up to modulo 27 at the output of the

measurement circuit, the phases

g ) + (1% Do -0p) + BE (kem) = e (0) w2 () ()
o (1) + (1= B0 -0p) - FE (km) = o () 2 (1) (2

Actually, in (1) and (2), ¢+(2) and ¢_(2) are the measured phases and
M, (2) and M_(2) are integers so that the absolute values of ¢ ,(2) and
6 (&) can be restricted to 7. Note that we are interested in
determining [« (2)+ < (2)1/2 modulo 27. For 2=2, we know from (1) and
(2) that
(2 2 b2 () [M,(2)+M (2)37-(0;-6p) (3)
2 - + - i "R
Now if we can resolve whether [M (2)+M_(2)] is even or odd, we can

determine [ (2)+%(2)]/2 + (6;-8;) modulo 2. This information is

-~ 2
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provided by comparing

v, (1) -¢(1) = - —ﬁ(ei-ek) - “j(k-n) + 0, (1) - ¢ (1) +[M,(1)- M( (\1)]2n
4)
py(2)-p (2) ¢+(2) -¢_(2) . M, (2)M(2)

-_,______2_—_-.._-.-— ( -BR) - (k n) + —-——2—'——"" (5)
If Af is designed properly (Af < 50 MHz) the left hand side of (5) and
(5) are nearly equal. See Ref. 4 for a discussion on ionospheric

effects. Equating (4) and (5) we have

(3)»;_(-)- ¢ [6,(2)-M (2)T 7 =¢,(1) - ¢_(1) (mod 2r) (6)

Since we can meésure"¢+(2), we can determine from (6) whether [M+(2)-

M_(2)] is odd or even. This then determines whether [M,(2)+M_(2)] is

odd or even, since [M _(2)-M_(2)] + [M, (2)+M_(2)] = M_(2) must be even.
With this information, we can solve for [#,(2)+& (2)]1/2 + (0,-6.) modulo
2n in (3).

5.0 Baseline System for Ground-Based Phase Control

The implementation of the ground-based phase control concept is
determined by the phase control waveform designs employed. Based on our
waveform selections, functional subsystems to implement the ground-based
phase control concept are identified and functionally represented. The
resultant ground-based phase control functional block diagram is
depicted in Fig. 3 and includes:

#Satellite Signal Processing
eTime-Frequency Cdntro1
eProcessing Control Center
oSignal Distribution Network
eProcessing Power Module

eDownlink Pilot Transmitter




eUplink Command Recciver
oGround Based Signal Processing
ePilot Beacon Receiver
OCalibfation Receiver
ePhase Measurement Unit
eSynchronization Unit
ePhase Update Algorithm
oData Processing Unit
eUplink Command Transmitter

The ground-based system envisioned employs satellite based
frequency/timing reference with an IF frequency of 490 MHz. A 4-tone
measurcment scheme using frequencies at 2,450 + 9.57 MHz and 2,450 +
19.14 MHz is selected. ach power module devotes 10 usec per second for
phase correction measurc ent, representing a minimal loss in total power
transmitted. Two frequencies are chosen for the dewnlink and one
frequency for uplink; the downlink pilot signal center freqhency is set
at 4.9 GHz. ‘

Our preliminary investigation indicates that the effects of power
beam interference and thermal noise on the phase measurement error can
be controlled to a tolerable level. The ground based system can also
function if the ionosphere is nonturbulent in nature and the satellite's
tilt rate is limited to 0.5 ﬁﬁ;/sec. .

6.0 Limiting Factors of the Feasbility of Ground-Based Phase Control
System

The feasibility of the ground-based phase control concept becomes

-unclear if the conditions on the ionosphere and the satellite motion are

not met. The ground-based phase control system can only correct for

random phase fluctuations which have a correlation time that is large
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compared with 1.25 sec. The noise components which are faster than 1.25
sec is uncompensated for and result in a degradation on transmission
efficiency. Unfortunately, measured ionosphere data which is suitable
for the SPS system is not readily available. (Most data are concerned
with spatial correlations rather than tempural correlations. Also, most
data are measured from low orbit satellites rather than geostationary
satellites.) The other limiting factor is the statistical behavior of
the ra~2m pointing error exhibited by the spacetenna. Again, the fast
component of this error is not corrected for and it contributes to
efficiency degradation. At this point, we feel that the development and
specification of models for ionospheric phase disturbance and satellite
motion is essential. It is hoped that our findings can serve as a

quideline for any parallel efforts in studying these two factors.
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AN INTERFEROMETER-BASED PHASE CONTROL SYSTEM

James H. Ott
485,88 S, Rice
Novar Electronics Corporation, Barberton, Ohio

ABSTRACT

An interferometer-based phase contrul aystem for focusing and pointing tiie SPS power beam is discussed. The
system is ground based and closed loop. One receiving antenna is required on earth. A conventional uplink data
channe; transmits an 8-bit ¢ hase error corraction back to the SPS for sequential calibration of each power module.
Beam pointing resolution is better than 140 meters a: the Rectenna.

INTRODUCTION

Key to focusing and pointing the SPS power beam
is the maintenance of precise phase relationships
among the tramsmitted signals of sach Spacetenna
subarray. Specifically, the signals transmitted by
each power module must arrive at the center of the
Rectenna in phase. This results in a power beam
having a planar wavefront pointed at the center of
the Rectenna. However, structural deformations in
the Spacetenna can, if not compensated for, alter
the phases of the power module signals at the Rec~-
tenna by altering the path irngths of the signals
between the power modules and the Rectenna, In
addition, variations withia the Spacetenna circuit-
ry can also alter the phases of the signals.

Novar Electronics Corporation has developed an

'1nterferometer-basad phase control system.1 This

approach, which we call Interfszrometric Phase Con-
trol (IPC), has three significant characteristics
which differentiate it from the Reference System
retrodirective approach.

1. Interferometric Phase Control is a ground
baged closed loop system.
Unlike in the retrodirective approach, the
phase correction information is obtained on
earth by measuring the resultant power trans-
mission of the Spacetenna power modules and
comparing them against a2 reference.

2. The Spacetenna's power modules are calibrated

§-8it Phass
Esor Correction Update

sequentially.
A signal from a reference transmitter near

the center of the Spacetenna is sequentially
phase compared with a calibration transmis-
sion of each of the power modules.

3. During normal power transmission, the fre-
quency of each power rv.dule is shifted
slightly during phase calibration.
Maintenance of a properly focused and pointed
power beam can be accomplished concurrently
with the normal transmission of power from
the SPS by using frequencies for calibratiocn
which are different from the power heam
frequency.

SYSTEM DESCRIPTION

On or near the Rectenna site, an antenna called
the Phase Measurement Antenna (PMA) receives the
transmi{ssion from the Spacetenna Reference Trans-
mitter (SRT) and the particular power module being
phase tuned (calibrated). Analysis of these sig-
nals provides sufficient information to generate
a phase error correction term which is sent up to
the on-board phase control circuitry, shown in
Figure 1, of the power module undergoing calibra-
tion.

aoe —of S8

+W.?’

m

vco
Klystron
P
ink Data Channel
e from Ground
Instrumentsiion
To Rectenna

FIGURE 1
POWER MOLJLE PHASE CONTAOL CIRCUITRY

Phase Tuning During Normal Power Transmission

Simultaneous with the transmissior of the powe
beam, coherent signals at three different frequen-
cies are transmitted from the Spacetenna. Two of
these signals are transmitted from the SRT, which
is located near the center of the Spacetenna, and
one is transmitted from the power module being
phase tuned, as shown in Figure 2. The two sig-
nals transmitted from the SRT are respectively
called s) and sy}, and the signal transmitted by
the power module being phase tuned is called sj,
The frequency of s is midway between that of 8y1
and 83 so that the beat frequency of sy and sy
is the same as that of s) and sy,

At the PMA, simple mixing and filtering cir-
cuitry detects two difference frequency signals.
One signal is due to sj and sp. The other, which
is called a phase reference signal, is that due to
81 and s;.1. These two beat frequency signals are
thea phase compared.

The pha~¢ comparison gives the phase difference
between the tvo beat frequency signals which is a
function of :-axis deformations* in the power module
being phase tunied plus biases in the phase feed net-
work of the SPS. Certain components of the phase
difference change with a change in frequency, others

do not. Since the power module being phase tuned is
transmitting at a frequency different from the power

beam frequency, it is aecessary to disiinguish bet-
ween these frequency dependent and frequency indep-
erndent components in ovrder to determine the phase

*deformations in a direction toward or away from the
Rectenna.

y
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correction that will be correct at the power beam
frequency. This is done by shifting s,.; and s2 to

a different set of frequencies, according to a phase
ambiguity error avoidance criterion, and making a
second phase difference measurement. These two
phase difference measurements are numerically ad-
Justed by -2n, 0, or +2m according to a second phase
ambiguity error avoidance criterion. These two
numerically adjusted phase differences provide suf-
fisient information to calculate the phase error
correction? transmitted back to the SPS power module
being phase tuned. This phase error correction can
be made with an 8-bit binary word sent to the SPS
via a data channel. An 8~bit accuracy produces a
phase resolution of %60° & 28 = 1,40, This is
sufficient to give a power beam pointing resolution
better than 140 meters at the Rectenna.

A tradeoff exists between si:zellite bandwidth
requirements and the power module updating rate which
is limited by filter settling times. Tt is antici-
pated that the frequency spearation between sj, s3,
syl and the power beam will be on the order of 1 MHz.
At these frequency separations, the update interval
for an entire Spacetenna could be on the order of a
few seconds. It is possible that this will be fast
enough to correct for any changes that will occur at
the Spacetenna due to deformations, thermal effects,
etc.

Spacetenna
Spacetenna Referance Transmitter (SAT)

Earth's Surface
Phase Moasm
- Antenna (PMA)

~

Regtenna %

Alternate Phase

Meaasurement Antenna

{Off-site)

Phase Difterence information
for Phase Tunning

FIGURE 2
INTERFEROMETRIC PHASE CONTROL

‘Pictorial representation of relationship between space-
tenna signuiv and ground instrumentation.

Phase Tuning During Startup

It is also possible to use this interferometer
technique to phase tune the power modules at the
power beam frequency during initial startup or main-
tenance., This would be necessary to calibrate the
phase tuning system used during normal power trans-
mission for any phase vs. frequency nonlinearities,
In this case, the measured phase difference is the
phase error correction.

IONOSPHERLIC EFFECTS

With the ground based closed loop interfero-
meter phase control approach, ionospheric effects
are limited to phase errors introduced into the
space-to-earth transmission path only.

Although, the PMA is shown to be at the center
of the Rectenna, it is not necessary that it be
located there or even within the Rectenna site.

Of f-site measurement has the advantage that the
signals being phase tuned do not have to pass

through an fonosphere that may be subjected to
undetermined heating effects by the power beam.

An important advantage of Interferometric Phase
Control is its inherent ability to make use of sta-
tistical error reduction techniques to minimize any
ionospheric effects. This includes time averaging
and/or spatial averaging using several on and off-
site phase measurement antennas.

PREDICTION OF DEFORMATION DYNAMICS/MAPPING

It should be pointed out that once the Space-
tenna has been initially phase tuned, learning
curves or adaptive modeling techniques could be
used to predict the dynamics of Spacetenna struc-
tural deformations. With such predictions, it
is felt that the capability would then exist to
phase tune the entire Spacetenna based on frequency
measurements of only a "few'" key power modules and
occasional measurements of the rest. By adding
two additional receiving antennas on the earth so
that there ary three earth antennas spaced a few
kilometers apart and not in a straight line, ad-
ditional phase measurements can be made. These
measurements provide information to "map" the
face of the Spacetenna, that is, to determine the
relative distance, direction and motion of each
power module with respect to the SRT, This pro-
vides the capability for performing a transverse
modal analysis, from the earth, of select samples
of power modules on the face of the Spacetenna.

In addition, the interferometer phase control
technique provides the ability to automatically
identify defective power modules.

CONCLUS IONS

Interferometric Phase Control (IPC) was origin-
ally developed as a closed loop, ground control ap-
proach for focusing and steering the power beam
because of Novar's concern over effects that the
ionosphere might have on the pilot beam of the retro-
directive system. IPC could provide a useful adjunct
to the retrodirective system to mitigate phase bias-
ing problems with the retrodirective system and to
provide a backup system if there are times when the
atmosphere/ionosphere precludes use of a retrodirec—
tive system. Until definitive studies have been com-
pleted on the atmospheric/ionospheric effects on the
retrodirective system, Novar recommends the simul-
taneous development of power beam control techniques
using both the retrodirective approach and IPC.
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A SONIC SATELLITE POWER SYSTEM MICROWAVE POWER TRANSMISSION SIMULATOR

James H. Ott
James 8. Rice
Novar Electronics Corporation, Barberton, Ohic

ABSTRACT

A simulator is deacribed which generates and transmits a beam of audible souiid energy mathematically similar
to the SPS power beam. The simulator provides a laboratory means for analysis of ground based closed loop SPS

phase control and of ionospheric effects on the SPS microwave power beam.

INTRODUCTION

Novar Electronics Corporation is in the final
3stages of constructing and testing a Satellite Power
System Microwave Transmission Simulator. In a
ground based laboratory environment, the similator
generates and transmits a beam of audible sound.
energy which is mathematically similar to the micro-
wave beam which would transmit energy to earth from
a Solar Power Satellite.

SIMULATOR DESCRIPTION

Figure 1 shows the major functional parts of
the simulator. The Sonic Spacetenna (Figure 2) is
1.3 meters in diameter and contains 3200 independent
transmitting elements. These elements are connected
in a 64 row by 64 column matrix, Each column 3&
driven by a driver which multiplexes each of ithe 64
rows 32,000 times per r :ond. This enables the
simulator's computer to control the amplitude,
phase, and frequency of each of the 3200 transducers.
The simulator is designed to transmit a coherent
sonic power beam at 12 kHz. Any iliumination taper,
e.g., Gaussian, can be programmed and the resultant
ground pattern studied. A computer, RAM Memory, 300
M3 disc drive, and line printer are incorporated to
provide a very high degree of experimental flexibil-
ity.

Parabolic

*I"'"mu:i:é
L ]
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SIMULATOR CAPABILITIES

A unigua feature of Novar's Sonic Simulator is
its ability to provide actual photographs of the
transmitted power beam., Figure 3 shows a scanning
system which provides an intensity modulated raster
of the sonic beam. By adding a phase signal to ihe
intensity modulator, the phase coherence can also
be photographed. This technique, developed at Bell
Labs in the earty 1950's] will provide photographic
records similar to Figure 4.

As soon as the Sonic Simulator is operational
(mid-February, 1980), its initial use will be to
generate a collimated coherent sonic beam to verify
that the beam divergence and sidelobe characteristics
are in satisfactory agreement with the aperture il-
lumination equations which have been used to define
the SPS microwave beam.

The concept of “ground based" phase control
implies a closed loop phase control system which
makes corrections in deviations in SPS beam pointing
and focusing from ground based measurements of the
received power beam, In other words, ground based
phase control is a servo control system which like
any servo system has a measureable transfer function,
frequency response, step response, noise factor,
resclution, loop stability, etc., Novar is using its

Matrix Command
Driver Memory
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[ 1om
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ital
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Detector
! ROM 300 M Line
Computer RAM Pr sk 1!
Memory M:t'ﬁ':r'y, &mvo.mv g'l'.::d
FIGURE 1
SONIC SPS PHASE CONTROL SIMULATOR
MAJOR FUNCTIONAL BLOCKS
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nterferometer phase control technique to focus and
int the sound beam. The vpen and closed loop
ics of the Sonic Simulator will be
descriptive servo loop diagrim and
transfer function will be developed 111 measured
haracteristics will be tested for ag:.ement with
ntrol system theory. The next step will then be
immalyze and mitigate the effects of unwanted in-
erfering inputs such as air currents in the labor-

iracterist
measured A

1Lor ind the reflection of the sonic beam off

FIGURE 2
SONIC SPACETENNA

The Sonic Simulator can be readily forced to
deal with the same noise characteristics as the
ionosphere would introduce into the real world SPS
phase control system, This would be accomplished
by altering the propagation of the simulator's sonic
beam through the use of sculptured reflecting sur-
faces and controlled air turbulance.

FIGURE 3

PHOTOGRAPHIC SCANNING SYSTEM

-A precision mechanical scanning system provides an
actual photograph of the sonic beam. The camera lens
remains open in a darkened room while the sound-to
light moaulator (device being pointed at) provides a
light output proportional to the intensity of the sonic
beam. The modulator is scanned up and down and
forward and backward to provide a photograph of a
cross section of the beam

Ionospheric effects will impact an SPS Phase
Control System similar to the way that noise and
offset error impact any closed loop servo system.
Therefore, conventional control system synthesis
techniques should be able to reduce SPS phase con-
trol errors due to icnospheric effects.

Analytical techniques will be developed to
permit the validation of these sonic propagation
models against measured ionospheric parameters.

This would, for example, lead to the juantitative
correlation of ionospheric electron density patterns
with the sound reflecting surface's roughness and
placement.

=)



.

AN

FIGUKE 4
REPRESENTATIVE PHOTOGRAPH OF A MECHANICALLY
SCANNED SONIC BEAM (Bell Systam Technical Journal,
1951)

It is expected that a number of conclusions can
be provided regarding the applicability of _he sonic
simulation technique to the future devclopment of
the SPS po-ier transmission system. If conclusions
are favoravle, we would pect that the sonic simu-
lator will provide a low cost alternative to many of
the time consuming orbiting satellite experim. uts
that would otherwise be necessary.
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§PS PHASE CONTROL STUDIES

W. W. Lund, B. R. Sperber, G. R, Woodcock
Boeing Aerospace Company
1.0 INTRODUCTION

To properly point and form the $PS microvwave power beam, the outputs
of the power amplifiers in the transmitting array must be phased in a specific and
co?grg?t fashiun. The purpose of the SPS phase control system is to bring this about
reliably. :

A number of different phase control schemes can be, and have been,
envisioned. The one selected for the SPS baseline system is a retrodirective CW phase
conjugating system using a spread spectrum uplink signal and a reference phase signal
that is distributed via fiber optics. The basis of this selection is relative tech-
nical simplicity and requisite assurance of success.

The operational principle of the retrodirective phase control system

is that if a signal EReceived’ described by ‘ -

EReceived cos (wt + Boe ¥ Ppoc) (1)
is received, a phase conjugated signal

Erransmitiod = 05 (Wt + 8 ¢ - ¢rec,) (2)

is transmitted. If this is done all over the transmitting aperture, the resulting
beam will leave in the inverse direction of the incoming pilot beam.

v Problematic technical aspects in implementing the scheme above are that

the received and transmitted frequency spectra are dissimilar and that the reference
phase Praf against which the received phase Ppge s measured must be the same all

over the transmitting array. (Regarding tolerable systematic phase shift, it may be
noted that a phase shift of 3 x 10-2 radians will scan the beam approximately 40 meters.)

Transmitter noise, receiver noise and pilot beam power determine how
close the pilot beam frequencies of the spread-spectrum uplink can be to the downlink.
Studies at Boeing and elsewhere have yielded values for this offset in the range of 5
to 50 MHz. In the case of the most recent Boeing pilot link study, the network of
considerations used was as shown on Figure 1, yielding the characteristics of the final
system as a function of transmitting frequency notch filter cutoff frequency fc, pilot
beam receiving aperture and desired signal to noise of the received pilot signal shown

on Figure 2.

For accurate pointing it is important that the received pilot signal be
scaled to generate the transmitted downlink signal instead of merely translated. I.e.,
if the downlink frequency is fy, the pilot frequency is fg + Af = w/2n and the received
field is given by Equation (1), the downlink should be:

-

E cos [E; (fo + Af).1 (ut + Pref - ﬂrecll ’ (3)

transmitted
instead of

Etransmitted cos [z”-' 2maf )t + Pret = Prec| - (4)
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The reason for this is that if frequencies are not scaled but translated by some
a.tount Af, the transmitted beam is incorrectly stecred off the pilot beam axis by
an amount W. W depends on the transmitting aperture tilt 8, the range of R and the
transnitting frequency f according to the "squint" foriula:

W=Rroaf . (5)
For the baselined spread spectrum pilot signal af is effectively 0.

Selection of the specific spread spectrum uplink signal scheme and the
decoding of the uplink at the receiver is pending further study of ways to mitigate
ionospheric and tropospheric distortions of the uplink wavefront. The basic problem
is that the index of refraction in the beam propagation path depends on the atmos-
pheric pressure, composition, temperature and the degree of ionization; and in the
troposphere the index of refraction increases with increasing density while in the
ionosphere th: opposite is true. A secondary problem is geometry: if there is only
a single pilot beam just a small central portion of the propagation path through the
troposphere and ionosphere is sampled., Finally, the effects of the power beam on
the temperature and density of the ionosphere must not interfere with phase control
or beam pointing. °

The effect of phase errors on the transmitted beam is to distort the
wavefront. The effect of average phase errors can be treated as a function of posi-
tion in classical optical fashion to get beam offset, defocusing, astigmatism, distor-
ticn and similar quantities. The effect of random RMS phase errors 3¢, assumed not a
function of position, is to reduce the main beam efficiency by the factor

. &
"pandom ~ © ' (6)

Because in general there is a residual on-axis 52 over a single phase
controlled area proportional to that area, the above equation qualitatively illustrates
the reason for the recent change in the baselined level of phase control from the sub-
array level to the klystron power module level. The approximately factor of 10 average
decrease in phase controlled area contributed to a smaller effective 32. The revenues
from the extra recejved power of the now more efficient power beam over a satellite
Tifetime were found to adequately compensate for the increased phase control system

cost, Other benefits associated with phase control to the module level include increased
pointing accuracy and decreased waveguide tuning mismatches.

2.0 BASELINE PHASE CONTROL SYSTEM DESCRIPTION

The baselined phase control system, illustrated on Figure 3, consists
of 101,552 klystron module level power amplifier phase control subsystems, as shown
on Figure 4, and an 816-2/3 MHz reference phase distribution network of fiber optical
cables and master slave returnable timing system repeater units as shnwn in Figure 5.

The reference phase distribution tree (to be described in more detail
in the next section) has four levels culminating at the klystron module with no more
than a 1:36 output branching, and constitutes most of .the physicai and operational
(but not functional) complexity of tha system. Its purpose is to provide identical
phase reference phase signals to all klystron modules for use in conjugating the pilot
to get the power downlink.

The klystron power amplifier phase control subsystems contain the phase
control system's functional complexity insofar as they each receive and decode the
104
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4.0 COSTS

Reference phase control system element costs, estimated by standard
aerospace avionics cost estimating methodology from the computerized Boeing Program
Cost Model data base. After estimation of the first unit cost on the basis of platform,
function and service factors the costing methodology used was to discount the per unit
cost on a 707 learning curve through the 1000th unit. After this was assumed to satu-
rate and per learning unit costs were constant. Table I summarizes characteristics
of the phase control system units on board subarrays, while Table Il surnmarizes the
segments of the reference phase distribution system at levels above the subarray level.

The primary results of the cost estimations are that the phase control
system costs total well under $100 million and are dominated by the costs of the phase
control pilot beam receivers. With more detailed reference satellite phase controi
system specifications there can be a requisite reduction in cost uncertainties. How-
ever, it should be noted that substantial (factor of two or more) reductions in phase
control system cost are unlikely because current aerospace and electronic industry
technology routinely deals with production runs such as those required for the SPS
phase control system on equipment of comparable complexity.




spread spectrum pilot link signal, make any necessary corrections, conjugate it
using the 816-2/3 MHz reference phase signal from the phase distribution tree and
actively compensate for phase shifts suffered in the power amplifier and waveguide
feed netwovks.

Fiber optic cabling was chosen over conventional coax for the reference
phase distribution because of its lower mass, lower signal attenuation, and the fact
that it has no short circuit failure mode. It also has lower phase delay and costs
less. However, the phase delay variations are not low encugh to eliminate the need
of feedback (i.e., returnable timing systems) on all but the subarray (Level 4) ref-
erence phase control trez level. At the lowest level the length is so short that
temperature induced variations in phase shift are judged to be tolerable.

NASA-funded technology development work at Boeing is currently develop-
ing 980 MHz fiber optic transmitters and receivers for SPS use. The expected success-
ful completion of these and their demonstration with a 1 km cable should substantially
verify that fiber optic technology can distribute the reference phases

3.0 BASELINE SYSTEM RELIABILITY AND REDUNDANCY

It is clear that any reference phase control system that refers phases
to central points has critical links when system reliability is considered. Because
of this, the most central units in the reference system have been made redundant and
autonomous. :

The baseline transmitting array has three autonomous master reference
phase receivers, which each transmit a reference phase signai via separate and redundant
fiber optic cable links to each of twenty active Level 1 sector phase distribution units.
(See Figure 7) These units select valid phase control signals and distribute them via
redundant fiber optic cables to twenty Level 2 (group) distribution units. The group
distribution units in turn tree the signal out further to 19 subarrays each. At the
subarray, a last distribution unit sends the signal to each klystron module, where it
is used as a reference for conjugation of the phase control pilot signal receiver out-
put. The klystron is held in proper relation to the conjugated pilot beam signal by
a control loop of its own that compensates for its internal phase shifts with tempera-
ture, time, and voltage.

An analysis of the basic reliability of thas baseline configuration was
performed by G.E. under subcontract to Boeing. The element reliabilities and basic
configuration assumed ave shown in Figures 7 and 8. For purposes of analysis the
phase control system was considered as .four segments. The first segment starts at
the master reference receivers and continues through the sector reference distribution
unit's selection switch SW;. The second segiment is from the output of SWy to the out-
put of the subarray group signal splitter Bjg. A third segment runs from this splitter
through to the output of the subarray splitter By,. Finally, the last segment was
analyzed from the By, output to the klystron input.

(2]
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Table 1. Intrasubarray Phase Control Systen
Production Cost Characteristics

Subarrays PCR PCR RPDS RPDS Length Cable Cable
Subarray Number of  of This Mass Cost Mass Cost Cable Mass Cost

Type Klystrons Type (kg) (8)  f(ka) (8) {m) (ka)  ($) _

1 4 1028 4, 2240 1.0 595 33 3.7 73
2 6 1052 6.6 3360 1.0 595 49 5.4 108
3 8 612 8.8 4480 1.0 595 61 6.9 138
4 9 664 9.9 5040 1.0 595 72 8.0 160
5 12 900 13.2 6720 1.0 595 95 10.6 212
6 16 784 17.6 8960 1.0 595 132 14.5 290
7 20 628 22.0 11200 1.0 595 167 18.2 365
8 24 644 26.4 13440 1.0 595 197 21.6 433
9 30 632 33.0 16800 1.0 595 232 26.0 521
10 36 276 39.6 20160 1.0 595 296 32.5 649
TOTAL 7220 112 T $57M 77 $4M 91 T $1IM
Table I1. Intersubarray Phase Controi System
Production Cost Characteristics
Per SPS
Item No. Req'd. Avg. Unit (M)
Master Reference Receiver and 424K
Reference Phase Transmitter 3 , 1.272
Cables 60 4.6K 0.276
Siave Repeaters 400 25.1K 10
Level 2 Cables 380 2.5K 0.95
$12.5M

Level 3 cables are common with
area-subarray data harness (see WBS 1.1.3)
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SPS FIBER OPTIC LINK ASSESSMENT

T. 0. Lindsay, E. J. Nalos
Boeing Aerospace Company

1. INTRODUCTION

Fiber optic technology has been tentatively selected in the SPS baseline design
to transmit a stable phase reference throughout the microwave array. Over a hundred
thousand microwave modules will be electronically steered by the phase reference signal
to form the power beam at the ground receiving station. The initially selected IF dis-
tribution frequency of the phase reference signal has been set at 980 MHz or a submultiple
of it.

Fiber optics offers some significant advantages in view of the SPS application.
Optical transmission is highly immune to EMI/RFI, which is expected to be severe when
considering the low distribution power (<1mW). In addition, there will be savings in
both mass, physical size, and potentially in cost.

2. FIBER OPTIC LINK VERIFICATION PROGRAM
2.1 TASK DESCRIPTION

The purpose of the present program is to demonstrate feasibility of a fiber opti
Tink at 980 MHz for SPS application. The specific tasks are: 1) Analyze existing optica
fibers for use in the phase distribution fiber/optic link with emphasis on phase change
effects and ability to transmit high frequency IF signals; i.e., low attenuation and ade-
quate bandwidth; 2) Analyze suitable optical emitters and detectors to determine feasi-
bility of aperation and usage at 980 MHz; 3) Select and purchase optical emitters,
detectors, :nd fibers for 1link development; 4) Design and construct impedance matching
systems for matching the optical emitter and detector to laboratory equipment; and 5)
Assemble and test a two-way link at 980 MHz consisting of matched detectors, emitters, and
a two-fiber cable of minimum length of 200 meters.

In the present phase control system for SPS, a two-way link is required in the
phase distribution system at each level to achieve phase compensation for phase changes
induced by temperature changes and other property changes in the electronic circuit.

2.2 FIBER OPTIC LINK DESIGH

) The results of the component selection for ¢ine fiber optic Tink are summarized
in Table 1 below.  1ap)F 1:  COMPONENT SELECTION FOR FIBER OPTIC TEST LINK

Component Iype Features
Emitter GaAlAs Multi-Mode Moderate cost
Injeckion Laser Diode High power
High modulation bandwidth
GaAlAs Single-Mode High power 5. Low thraeshold
Injection Laser Diode* High coupling eff. 6. High reliability
High bandwidth 7. Narrow spectral width

Low distortion

No threshold current
Low distortion

Low cost

Stable operating point

Light Emitting Diode
(LED)
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TABLE 1:  COMPONENT SEL:cTION FOR FIBER OPTIC TEST LINK {Continued)

OB, . - - i — v

Component Type L Features
Detector Silicon Avalanche Gain - BW product = 30 GHz
Photodiode* High RCYR S/N
Moderate cost
Silicon PIN Photo- Low bias voltage *Selectad for 1ink
diode Stable op=rating point development
Low cnst
Fiber Step-index glass Low cost
Multi-mode Low attenuation

Moderate cost
High bandwidth
. Low attenuation

Extremely high bandwidth
Low attenuation
Poor coupling efficiency

Graded-index glass
Multi-mode*

Step-index glass
Single-mode

As a result of the investigativ.s, multi-mode graded index fiber was chosen due
to its high bandwidth, low attenuation, availability, and high coupling efficiency with
injection laser diodes; single-imode injection laser diode was selected for its high band-
width, high output, and excellent linearity; and an avalanche photodiode was selected
because of its high bandwidth and superior sensitivity.

The link will operate at a wavelength of 820 nm where present laser diodes anq
avalanche photodiodes are readily available and offer good reliability. Fiber attenuation
although not minimum, reaches an acceptable value at 820 nm also.

The injection laser diodes were purchased from Nippon-Electric in Japan; the
two-fiber cable was obtained from Siecor (fibers manufactured by Corning Glass Works);
and the avalanche photodiodes from RCA.

One of the problems to be sclved for the 950 MHz feasibility link was to develor
simple, but effective, signal coupling techniques for the emitter and detector. The
approach chosen is illustrated schematicall 1in Figure 2. The use of the 472 resistor
in series with the injection laser diode causes approximately 500 to be seen by the
driver amplifier and it also aids in converting the driver output to a current source
which is needed by the diode for linearity. The ou*put signal current from the avalanche
photodiode flows directly into the 502 input impedance of the laboratory amplifier. In
both cases, the dc biasing networks are isolated from the signal paths by shorted quarter-
wave microstrip techniques.

2.3 EXPERIMENTAL RESULTS

The results of an initial test to couple 980 MHz through a sample 1ink are shown
by Figure 2. The fiber length #was 300 meters and the type is similar to that to be used
in the two-way link development. Results are listed for two values of detector biasing.
The output voltage waveforms were monitored using a sampling oscilloscope and, in both
cases, the trace was stable and noise-free.

The test setup was similar to that shown in Figure 3. The emitter and detector
mocuic. are towards the right foreground shown with a length of coiled fiber optic cable.
Laboratory equipment includes a 980 MHz frequency synthesizer, a vector voltmeter,
oscillcscope, preamplifier, and biasing and monitoring equipment.

hy
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The emitter and detector modules used in the initial test are shown in Figure 4a
and 4b. The thermal environment aboard the SPS is expected to be widely variable with
values anticipated between -50°C and +150°C. Therefore, a major subject of interest
involves the variation in propagation time through a fiber as temperature is changed.
Propagation time is divectly related to the transmitted phase and is known to : affected
by thermal expansion and refractive index variation. Data was also taken to determine
the magnitude of the phase variation versus temperature as illustrated in Figure 6.

The phase sensitivity is not low enough to obviate the need for phase compensation except
possibly for the shortest (last) level of phase distribution.

For a one-way link length of 200 meters, the transmitted phase would vary
approximately 2.5 degrees for every °C of tempcrature change at 980 MHz. This rate is
acceptable with the present phase control system because of the two-way link length
compensation. The two lengths of fiber will be adjacent for the total link, providing
accurate tracking and matching.

At the outer jevels of the phase reference distribution network, the link lengths
average«10 meters and comprise over 90% of all of the elements. It may be possible to
eliminate the return link in such cases as the phase shift will be greatly reduced for the
short runs, averaging 0.125 degrees of shift per °C.

As fiber optic technology progresses, longer wavelengths should be investigated
where bandwidth and attenuation characteristics are superior for fused silica fibers. It
is anticipated that phase shift sensitivity may be reduced at longer wavelengths because
of dispersive changes in the refractive index. Fiber optics represent a promising
approach for the phase distribution system for the SPS and merit further development to
realize their full potential.
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IONOSPHERIC EFFECTS IN ACTIVE RETRODIRECTIVE ARRAY

AND MITIGATING SYSTEM DESIGN

A. K. Nandi and C. Y. Tomita
-Rockwell International

Abstract

The operation of an active retrodirective array (ARA) in an ionospheric
environment (that is either stationary or slowly-varying) is examined. The
restrictions imposed on the pilot-signal structure as a result of such opera-

. tion are analyzed. A 3-tone pilot beam system is defined which first estimates
the total electron content along paths of interest and then utilizes this

information to aid the phase conjugator so that correct beam pointing can be
achieved.

I. INTRODUCTION

In order to make the solar power satellite system perform correctly, it
is necessary to point the high power downlink beam towards a specific point
on ground. The downlink beam is narrow and pointing accuracy iequirements
are stringent. One way of achieving this objective is to usec the retrodirective
array such that the down-going power beam points in the same direction from
which a ground-originated pilot signal came. In this approach, the downlink
wavefront is obtained by conjugating the phases of various segments of the
uplink (pilot) wavefront. For operational reasons, the uplink and downlink
frequencies cannot be identical. Both the uplink and downlink wavefronts are
required to travel through the ionosphere. The object of this note is to
examine system operation constraints imposed by the ionospherc and find
possible remedies. The discussion that follows is based on the assumption
that the ionosphere is stationary or slowly-varying. Also, heating effects
on the medium due to the downlink power beam are not taken into account,

II. JONOSPHERIC EFFECTS ON SINGLE-TONE PILOT BEAM 3

It is well-known that an important feature of the retrodirective array
is that the down-coming beam is phase coherert when it arrives at the source.!
This statement is rigorously correct only if the propagation medium is non-dispersive
spatially homogeneous and temporally stable. In case of the ionosphere, one or i
more of the above conditions are violated. Under certain conditions, beam :
pointing error can occur and phase coherence at the source can be lost.

- Consider the situation shown in Figure 1. Assume the uplink and downlink
frequencies are given by f, and fp, respectively (fy # fp). The (path-dependent)
phase shift at f, on one particular radio link can be written as?

T 2n fu L
0(E) = —— - T j N d 1)
i where
2
b = 5—3———; e = electron charge, m = electron mass, ,
e.m - . s s ;
€o = free-space permittivity 1
= 1.6 x 103 mks

uﬁ'
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FIGURE 1.
L
L is the physical path length involved and 0 N d& is the integrated electron
density along the path under consideration "~ (~10!7 - 10!9). Note the second
quantity on the right hand side of Equation (1) accounts for ionospheric effects
on a CW tone. On using appropriate constants, one can write

20 fu L 21 L
$(f) = —¢"— - 405 x £¢ ) N de
ALK )
C fu

Since one is interested in knowing the phase shift at fp, a reasonable
estimate of the phase can be obtained by multiplying $(£f,) by fD/fu (this
estimate becomes increasingly accurate as f,; + fp). Thus,

$(fD) = £0/F, X 6(£,)

il T (3)
C £,2 " o

On conjugating this phase, one obtains

2n f_ L f (4)

- D D
¢ (fp) = - -—— + K, 2

"e




The downlink signal at the transmitting end can be written as

ST (t) = [uznfk-xf"] (5)
down't’) = €05 L¥p DT~ "uf,?
The downlink signal at the receiving end is given by :

R ’ ‘fn Kp. :

Sgown (t) = cos [th - (K, T2 - ?;)] ' v(6)
For a temporally stable ionosphere and ignoring second-order effects, one
can set Ky = Kp in Equation (6) and obtain

Sgown(t) = cos [th - K, (?32 - ;%?] | (7)

If, in addition, the propagation medium is assumed non-dispersive, then

the second term on the right hand side of Equation (7) involving K, could
be equated to zero. In the present situation, this kind of assumption is
highly unrealisti¢c. Note in Equation (7), Ky applies to a particular radio
path and will, in general, be different on different paths because of
ionospheric inhomogeneity. A consequence of this fact is that the phase
cohcrence (at source) property of the downlink signal mentioned earlier
does no longer hold good. Furthermore, if a coherent phase perturbation
occurs due to some ionospheric large-scale features (such as a wedge),

then even a beam pointing error is possible. The magnitude of these
effects need to be evaluated for worst-case ionospheric conditions. The
two tone pilot beam system which aims at alleviating some of the ionospheric
problems mentioned above is discussed next.

IIT. TWO-TONE PILOT BEAM SYSTEM

If two tones (symmetrically situated around the downlink frequency)

are used on the uplink transmission, then under appropriate conditions an
average of the phases of the uplink tones can be taken to be a good estimate
of the phase at the downlink frequency. The idea here is that the pha~-
errors caused by a stationary ionosphere can be largely eliminated by this
approach. Let f] and f3 be the two tones consituting the pilot beam and
symmetrically located around the downlink frequency fp. The choice of the
offset Af is based on conflicting requirements and is not discussed here.

Using the notation as before, for a given link one can write

L
~ L _40.5 21
¢(F1) = 2 £ § - > x /(; N de

C = 4’1 . (8)
and
L
_ L 40.5 21 -
¢(f2)-2nf2§---f—i—x-c—fo Ndﬂ.—¢2 9)
Then
3 - 1)+ 8(£2)
2
. L .
L 40.5 Z_T_I_ . A_f_
=2HfD-C--'—f~E-1tC‘/(; N dg&; fD << 1
= ¢(fp) 10)

1
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Note ¢ is a desirable quantity as far as correct.retrodirective array
operation is concerned. Normally, all one needs to do is to conjugate

this quantity and use it as the phase of the downlink signal leaving the
space antenna. However, the arithmetic averaging indicated in Equation (10}

can give wrong answers for § (often called I ambiguities). This can happen
if

(i)  ¢(f2) - ¢(f)) = K (2n) + 4; |A| < 20 and K is odd integer
and/or
(ii) asynchronous dividers are used.

It is clear that in swite of its inherent attractiveness, the 2-tone pilot
beam system cannot be used because of the NI ambiguities that can occur
during phase averaging.

IV, THREE-TONE PILOI' BEAM SYSTEM

Before proceeding with the main task of solving the phase conjugation problem
in an ionospheric enviromment, it is worthwhile to find out whether ¢; and ¢2
could indeed differ by integral multiples of 21 when typical SPS parameters
arc used. For the present problem, it is sufficient to show that ionospheric
effects alone can give rise to phase differences which are multiples of 2N.

A measure of this effect is obtained by multlplylng ¢1 (Equation (8)) by fa/f)
and subtracting ¢2 (Equation 9)). Thus

4 N
L {
40 2
= 21 X {—%- X N d& x [—7— - -—“2]$ (11)
Let
f = 2.45 x 10° (12a)
fl = fD - Af (12b)
and .
f2 = fD + Af (12¢)

then, the number of 2II phase changes obtained for different values of fN de
and Af is shown in Table 1.
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Table 1. Number of Ambiguities (n) Vs. Af

L:fz é}z GfHZz 1o‘9ne1/m2 1018 :1/m2 f N de
100 2.350 | 2.550 92 9.2
| so 2.400 " 2.500 as a.s
10 2.440 2.460 8.9 0.89
5 2.445 2.455 4.4 0.44
2.449 | 2.451 0.9 0.09

It is clear from Table i1 that in order to avoid ionospheric ambiguity for
the strongest concentration under consideration, Af should not exceed 1 MHz.
Other opcrational constraints render such a choice unacceptable.

In what follows, a 3-tone approach due to Burns and Fremouw is used to resolve
the =mbiguity problem.3 It is based on a direct measurement of J'N df& along
the paths of interest and then using this information to estimate the path
welated phase shift at the downlink frequency fp.

Consider a frequency-amplitude pattern as shown in Figure 2 where the three
uplink tones fj, f2 and fz are coherent at ground. Indeed, the three tones
can be generated by a low-deviation phase-modulated transmitter. Thus, using
equations similar to Equation (8) for three frequencies fi, f2 and f3, one
can write

Sop = & - &
- %“ g(fz - £)) L - 40.5 xfn ae x (-fl- - -fl—)§ (13)
2 &
and
Sog = &) = ¢
21 o
- 2 ;(fl.- £ L - 40.5 x fN e x (?1-1- - -fl;)i (14)

The second difference of phase shift is given by

620 = 8¢, - S¢y

21 .[ 2 1 1
=CX40.SX Nd!.x[-t-.—-—f—-—f——] (15)
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Figure 2.
For suitably chosen Af, one obtains

-2
52¢=-—2€2 x 40.5 x f.\' dz x 3——A—§—-

fl (16)
Suppose one needs to avoid a 360° ambiguity in 8¢ for values of | N d2
less than 10!%. From Equation (16), one easily finds
21 |
Af2=_52¢ X f13/(—C—- x 40.5 x 2 x fN de) (17)
Let
f1 = 2.45 + 0.153125 (this choice will be justified later)
= 2.603125 GHz ' (18)
Then
3
Af2 = (2M) x (2.6 x 109)° x ¢/(21 x 81 x 1019)
= 0.651 x 1016
or
Af = 80.6 MHz (19)

Thus, with Af s 80.6 Mz and assuming that §2¢ can be measured, then SN d2
can be calculated rather easily from Equation (16). An implementation that
measures §2¢ with relative ease is shown in Figure 3.

of
. i \
3-TONE f PHASE
, 1
GENERATOR £ . £ f FILTERS DETLCTOR """62¢
1° "2 73 I3
3
Af

Figure 3. Measurement of 874
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Reordering Equation (16}, one easily obtains

N = computed value of I-V dg
f 3

. c .1
) fz X 71 X 30,5 * (%29 peasured
= o (=8 2¢)measured (20
For f1 = 2.603 GHz and Af = 80.0 MHz, one can compute
a = 1.6 x 1018 . (21)

Based on S/N ratio considerations, the accuracy of the N computatxon in
Equat1on (20) is determined by the accuracy of 62¢ measurement and is
given by

qﬁ = o * 062¢ - (22)

Once an estimate of J'N d2 for a given link is found, one needs to
perform several steps of signal processing starting with the phase
at f) and finishing with the conjugated phase at fp. These steps
are shown in Figure 4.

It is fair to point out that the conjugator used is a modified
version of the one in Reference 1. With the additional boxes, the
new conjugator clearly takes into account steddy-state ionospheric
effects.

For the present configuration, the uplink and downlink frequencies are
related by the equation*

n —
nez =
or
_ n+2
fl = = fD ;23)
For fD = 2.45 GHz and n = 32, one obtains
fl = 2.603125 GHz (see Equation (18)).

It is interesting to examine the output ¢*(fp) of the conjugator 1n Figure 4.
On taking d1fferent1als, one obtains

"40.5 N
ap*(£p) = —?B_-x TT a- fnz/flz) AN (24)
One using f = 2.45 GHz and f1 = 2.603 GHz, the above equation simplifies to
8¢*(£p) = 3.95 x 10-17 AN (25)

*Note the mode of operation indicated here is diffcrent from that in Ref. 1.
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so that

AN

2.53 x 1036 x A¢*(£fp) (26)

Suppose one requires an rms accuracy of 10° (= .174 rad) on ¢*(fp). Then
the required accuracy on N is given by

2.53 x 1015 x ,174

°N

n

4.41 x 1015 ‘ (27)

On going back to Equation (22), one finds

%%

oXa, a=1.6 x 1018
2 N

1

2.76 x 1073 (28)

Squaring the quantity on the right hand side of Equation (28) and on using
some results in Reference 3, onc obtains a value for (PR/o?).** Thus,

PR/02 (S/N) ratio at the receiver sketched in Figure 3

8
Var (62¢)

8
7.62 x 10-6

opt

"

= 1,05 x 106; i.e., 60 dB

As far as Figure 4 is concerned, several comments are in order. Firstly, the
use of the same N for both uplink and downlink phase compensations need justi-
fication. Sccondly, the conjugator suffers from divider ambiguity problems.
This makes it necessary to phase conjugate at IF and then suitably multiply
the conjugator output frequency to 2.45 GHz. Preliminary design of a 3-tone
conjugator operating at IF has been completed and will be reported elsewhere.

V. CONCLUSTON

An attempt has been made above to incorporate the role of the ionosphere in
ARA system design. A conjugator has been sketched that compensates for steady-
state ionospheric effects. Work is currently in progress to evaluate the
magnitudes of ionospheric wedge effects. Based on (limited) available data?
and because of geometry considerations (the proximity of the ionosphere to

the rectenna), it appears unlikely that any compensation towards ionospheric
effects would be neccessary. However, in order to make a definite conclusion,
more data on wedge structure are desirable. In addition, this problem nceds

examination in the light of ionospheric heating effects due to the downlink
power becam.

**PR is the total 3-tone signal power received and o2 is the noisc power
out of any onc of the tone filters that have identical bandwidths,
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HIGH EFFICIENCY SPS KLYSTRON DESIGN
E. J. Nalos, Boeing Aerospace Company

1. Introduction

Considerable data has now been accumulated on the feasibility of an 80-85% high power
klystron design from previous studies. The most likely compact configuration to
realize both high efficiency and high gain (~40 dB) is a 5-6 cavity design focused by
an electromagnet. A refocussing section will probably be required for efficient
depressed collector operation. An outline of a potential klystron configuration is
given in Figure 1. The selected power output of 70 kW CW resulted from a maximum
assumed operating voltage of 40 kV. The basic klystron efficiency cannot be expected
to exceed 70-75% without collector depression, Although impressive gains have been
achieved in raising the basic efficiency from 50% to 70% or so with a multi-stage
collector, the estimated efficiency improvement due 'to 5-stage collector at the 75%
level is only about 8%, resulting in an overall efficiency of about 83%. These esti-
mates need to be verified by experiment, since the velocity distribution of the spent
klystron beam entering the collector is not precisely known. It appears that the net
benefit of a 5-stage collector over a 2-stage collector is between 1.5 - 3.5 kW per
tube. This has the double benefit of less electrical power to be supplied as well as
less thermal power in the coliector to be dissipated. Table 1 indicates an estimated
energy halance in the klystron which leads to the above estimates. A modulating anode
“1s incorporated in the design to enable rapid shutoff of the beam current in case the
r.f. drive should be removed. In this case, the collector would become overheated
since it would receive the full beam power.

2, Depressed Collector Design

One of the greater uncertainties in the design is the velocity distribution of
electrons in the output gap, particularly for a high basic efficiency tube. Experi-
mental verification will be required for the selection of proper depressed voltages
at each collecting electrode. Varian has reported that about 10% of the electrons
develop twice the d.c. beam voltage in a 50% cfficient tube. We estimate that this
will be reduced to perhaps 2% for an 80-85% efficient tube. To obtain initial
specifications for the collector supply, an estimate was made of the possible voltage
ratios required, as indicated in Figure 2.

3. Voltage Regulation

The requirements on the modulating anode and body voltage are dictated primarily by
phase flucuations. At 40 kv, ¢ % 3000 %and at 41 kv, this calculation yields 29720,
Thus, dé/dt = -370 per kv. If a 100 phase error were ailowable in tne klystron, this
would translate into a rzgulation requirement of +.67% at 40 kv, provided that klystron-
to~klystron phase errors are not correlated. Although it is likely that voltage fluc-
tuations on all klystrons on a given d.c. - d.c. converter will go up and down together,
the time delays in distribution, of the order of fractions of microseconds, will make
them appeer as though they were uncorrelated at a given instant at all klystron termi-
nals, With this in mind, the initial regulation requirement on the modulating anode

and body supply was set at 0.5%. Since it is contemplated to include the klystron

in a phase compensation loop, it may be possible to relax this requirement when the

loop performance is verified.
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4. Electron Beam Focusing Design

The focusing options for the klystroen include: (1) solenoid ElectroMagnetic (EM)
focusing, (2) Multiple-pole electromagnetic focusing with periodic field reversals,
introducing the possibility of Permanent Magnet (PM) implementation, (3) Periodic
Permanent Magnet (PPM) focusing used successfully on low and medium power tubes
(mostly TWT's); and 4) Combined PM/PPM focusing wherein the PM section at the
output is used to retain good efficiency and good collimation in the high power
r.f. region. The low risk approach of (1) was recommended in order to achieve

the highest efficiency, but R&D efforts in a combined PM/PPM approach should be
investigated for possible later incorporation.

In order -to achieve a conservative design, we have initially selected a capability
of achieving 1,000 Gauss in the solenoid when operating at 3000C. Selecting a
minimum ID dimension compatible with directly winding the solenoid on the tube
involves a trade study of the required solenoid power and weight as a function of
solenoid 0D. Figure 3 shows the trade of solenoid power and weight with coil 0D.

It is anticipated that the solenoid will consist of copper sheet with glass-like
insulation between layers, wound directly on the tube body. With factory adjusted
cavity tuning, there will be no protrudlng tuners. It is possible that the sole-
noid may be used for baking out the tube in space.

As a matter of interest, the performance parameters of a 50 KW PM focused klystron |
were estimated in Table 2. With the design assumptions postulated, it does not ?
appear to offer any advantages over an efficiently focused sclenoid design. E

5. Design Approuach to Long Life

The objective of SPS is the achievement of 30 year life and since the main component
of the MPTS system is the r.f. transmitter, its consideration is of paramount impor-
tance. The major transmitter elements which contribute to 1ife are summarized in
Table 3. The achievement of uniform tube-to-tube performance will require stringent
materials control, well defined construction techniques, and special design features
such as temperature compensated cavity frequency control.

An initial risk assessment of the unknowns on the space environment have led us to

favor a closed envelope approach as a reference design. Some of the concerns with

open envelope operation near the Shuttle vehicle deal with outgassing from non-

metallic skin of heavy molecules and absorbed volatile species: cabin leaks (oxygen);

fuel cell flash evaporators (water vapor); Vernier control rocket engine exhaust; and

main rocket engine outgassing (water vapor) The degree to which such contaminants

can be localized, and the pumping speed of space, etc., have yet to be determined. ‘

The NASA objective of 30 year life, in the light of current exper1ence and understanding
thus has to be based on the following phased approach:
. Conservative Design: }
Emission; R.F., Thermal and Stress: Deratihg
. Determination of Appropriate Manufacturing Procedures
Adequate Protective Features -
Modulating Anode
System Monitoring Requirements

12§
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. Adequate Test Program on Ground
Failure Mode identification
Infant Mortality Elimination - Burn-in
. Understanding of Space Environment
Processing in Space
Open Envelope Operation
. Definition of Maintenance Philosophy
Allowable Down Time
In-place Repair Feasibility
. Development of Improved MTBF Analytical Model
. Space Test Verification

There are promising developments in transmitter life which lend some credibility

_ to the 30 year life objective. For instance, the best ten high power klystrons

running on the BMEWS system have seen 9 years of life and are still running.

With proper burn-in procedures, current space based TWT's are being qualified for

7 years life. Over 100 such tubes currently in space have been running for well

over 2 years. It is our expectation that within the SPS development time-frame,

tube MTBF's approaching 30 years with the suggested design approach will be feasible.
It is important to recognize that significant 1ife test programs on the ground will
be required not only for cathodes, but the entire r.f. envelope.

5.1 Cathode Design

The mechanisms limitingthermionic cathode 1ife are primarily evaporation rate of

the cathode material, cathode matrix properties, and impurities. The cathode-tube
interaction is paramount in realizing long life, regardless of how good the cathode
may be in a diode test. The approach to realize 30 year life must be bused cn
minimizing tube-cathode interactions through conservative design, good beam focusing
and proper selection of materials to minimize poisoning gases produced by electron
bombardment. The most likely candidates, based on present knowledge, are either a
tungsten matrix cathode operating at a temperature of slightly above 1000°C or a
nickel matrix cathode operating at about 800°C. The lower temperatu~2 wouid be
preferabie from the 1i7e point of view but factcrs such as migratior and reacti-
vation feasibility tend to favor the higher temperature cathode. Our current
assessment, based on discussions with the tube industry suggests that it would
probably be unwise to utilize some of the newer cathodes until sufficient life

test data has been accurulated. Encouragement with respect to long life in
thermionic cathodes can be derived from the work at Bell Telephone Laboratories

on the so-called Coated Powder Cathode (CPS), which is in use on long life.repeaters,
capable of 50,000 hours life at current densities approaching 1 amp/cmz, much higher
than those proposed for the SPS Klystron (<.2 amps/cml).




5.2 Tube MTBF Considerations

Ideally, a failure model of the transmitter would be desired, in which no
failures occurred until wearout mechanisms set in; i.e., avoidance of early
mortality. To some degree this can be achieved by a burn-in procedure to
identify and remove infant mortality victims. It is anticipated that with
the reference design tube, partial or full bakeout in space will be feasible,
avoiding the need to perform costly burn-in on the ground. Also, with mass
production, automated manufacture, good quality control, and maintenance,
infant mortality can be minimized.

With rougly N = 100,000 tubes, if a maximum of 2% of all klystrons are
allowed to fail at scheduled SPS shutdown, (every 6 months), the required
tube MTBF would be approximately

(.02N) (Tube MTBF) = 6 months - .5 years; i.e., MTBF = (50)(.5) = 25 years.
N

This is compatible with the reference klystron design; however, a more refined
reliability model needs to be developed, of which tiie exponential failure model
is but one case corresponding to a constant failure rate. With proper burn-in
procedures, and as better understanding of failure modes is developed, the SPS
klystron may require a much lower MTBF to meetthe above criteria. With a proper
burn-in period, infant mortality failures can be avoided and failures shifted
toward cathode wearout iimitations. The required burn-in period for current
space qualified TWT's is of the order of 1,500 hours. Further understanding of
the required tube MTBF under these conditions will evolve with the ground based
development program implementation.

6. Klystron Tube Protection

The tube interacts with the subarray through the waveguide feed system. The
primary requirement is maintenance of a good r.f. match under all conditions.
During initial processing or if mismatched, either external or internal arcing
may occur, Commercial waveguide components are available to visually detect
arcs and use a trigger signal to disconnect the tube rapidly, in this case by
connecting the modulating anode to cathode. This can occur in much less than
1 usec, adequate to prevent damage.

With loss of r.f. drive, the entire electron beam power appears at the collector.
The conventional klystron is designed to handle this power. In our case, the
collector is designed to handle only the spent electron beam after normal r.f.
interaction. If the loss of r.f. drive is sensed at the klystron input, the
modulation-anode power supply will be used to shut off the electron beam,

The most likely region of dc arcing is between cathode structure and modulation-
anode and between the modulating anode and the r.f. circuit. In the event of an
arc, the energy stored in the modulation-anode power supply RC circuit is discharged.
Ordinarily the arc extinguishes after a brief interval and normal tube performance

is restored automatically. Should some unknown fault cause persistent non-clearing
arcing, arc logic could be designed to sense repeated loss of r.f. output and to
shut down the modulation-anode power supply.
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Persistent repeated nonclearing rf arcing in the klystron rf load or output system
may result in tube damage. The rf arc logic protection circuit is designed to
sense reflected rf power caused by the arcing and to shut down the modulation-
anode power supply pending correction of the problem.

7. Operation Under Reduced Voltage

One advantage of the klystron is the fact that efficiency does not deteriorate
significantly with voltage. The effect of solar cell voltage degradation on
klystron power output is indicated in Figure 4 for the condition that the klystion
characteristics remain on the V-1 portion of the solar cells corresponding to
maximum d.c. output. This condition can only be achieved if the perveance of the
tube is slightly changed. ' If the modulating anode is mounted on a diaphragm, such
an adjustment could be made. This feature would also be useful for adjustment of
tube-to-tube uniformity. It is seen that if the solar cells are not refurbished,
the efficiency remains high, but the power output drops significantly. On this
basis, it was decided to refurbish solar cells and not require the transmitter

to adjust perveance for solar cell optimal matching.

8. Klystrorn Power Output Trade Study

The reference klystron represents an initial point design within the given NASA

guidelines. It is intended primarily as a vehicle to daronstrate its potential

. in the SPS application. IF the operating voltage at GEO can be increased to a

value above 40 kv other klystron power levels become of interest.

One of the advantages of the linear beam amplifier such as a klystron is the fact
that the different interaction regions, i.e., beam formation, r.f. interaction, and
beam collection are physically separate and hence distribute the thermal stressas
over a large area. The most critical portion of the klystron from the thermal point
is the output gap. The output gap interception for two typical values of beam
transmission (95% and 98%) is indicated in Figure 5. The capability of the output
gap to handle this_interception is given for two values of heat rejection capability:
0.25 and 0.5 kw/cmz of area. This could be either heat pipe cooling or pumped fluid
cooling.

2

It is seen that for a 4% beam interception and W = 0.25 kw/cm™, the maximum beam
voltage is about 67 kv, corresponding to a power level in excess of 200 kw. If the
perveance were increased from S= 0.3 to 0.5 x 10-6, still within the regime of
potentially high efficiency, this power level would correspond to 580 kw. This has
encouraged us to investigate two additional point designs, at 250 kw and at 500 kw,
respectively, the parameters for which are summarized in Table 4.

The efficiency including solenoid power is somewhat higher than that for the refer-
ence design. It is worth noting that even with a longer tube,the efficiency
increases by about 2% points due to lower incremental solenoid requirements at
higher power, The specific mass decreases from about 0.8 kg/kw at 70 kw to less
than 0.4 kg/kw at 500 kw CW. Thus, it appears advantageous to consider a higher
power klystron design should the voltage constraints permit it.

- The cost of a single klystron tube is estimated from the cost trends in Figure §.

For a 70 kw CW tube, the mass production cost is estimated at $2800. The acquisi-
tion cost of r.f. tubes and 10-year replacement cost of spares, based on a projacted
transportation cost to space of $60 per kg, for a system output of 6 GW RF in space.
are summarized in Table 5. The transportation costs ccmprise about 47 to 62% of the
total cost. Again, with the assumptions made, it appears advantageous to go to asg
high power per tube as possible. As the ground-based development program proceeds,
the results of these trade studies will be used in updating the present baseline
design, not only for the klystron transmitter candidate, but for other transmitters
as well.

-
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INTERNAL COLLECTOR MAIN SOLENOID
HEATPIPE/EVAPORATORS REFOCUSING SOLENOID .
RF INPUT FROM
CAVITY/SOLENOID HEATPIPE SOLID STATE
EVAPORATORS CONTROL DEVICE
COLLECTOR
PLATES MOD. ANODE

HEATER
CATHODE
COLLECTOR HEATPIPE (2)
1O RADIATOR CAVITY/SOLENOID HEATPIPES (4)
/ YO THERMAL RADIATORS
‘ o.
OUTPUT WAVEGUIDE l'rr'r\ e i dinches
Figure 1 Reference Klystron Configuration ’
Table 1 Energy Balance in Reference Klystron Design
. 2.SEGMENT ‘ §-SEGMENT
COLLECTOR . COLLECTOR

BEAM POWER ‘ 92.62 Kw 92.62 Kw
RF LOSS IN DRIVER CAVITIES 40 Kw 40 Kw
RF POWER PUTPUT? _ 7066 Kw 70.66 Kw
OUTPUT CAVITY RF LOSS 2.19 Kw 2.19 Kw
OUTPUT INTERCEPTION LOSS2 1.62 Kw 1.62 Kw
POWER ENTERING COLLECTOR 12.75 Kw 17.75 Kw
COLLECTOR RECOVERY 7.10 @ 40% 10.65 @ 60% )
THCRMAL LOSS IN COLLECTOR 1065Kw 71 Kw
NET BEAM POWER 85.52 Kw 81.97 Kw .
EFFICIENCY EXC. SOLENOID 82.6% 86.2%
NET EFFICIENCY3 81.2% 84.6%

ELLCTRONIC EFFIC, (.79) x OUTPUT CIRCUIT EF FICIENCY (.97) x REMAINING POWER (92.22 Kw)
EASED ON 4% INTERCLPTION @ V3 (33%) and 2V, /3 (67%) iie., .0178 V),
INCLUDING 1.5 Xw FOR SOLENOID AND HEATER POWER., .
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Figure 9. Reference Klystron Depressed Collector Design

COPPER SOLENOID 371D, 1000 GAUSS, 16.5" I.ONG
® ASSUMES POWER GENERATION @ 3.5 kg/kw AND PASSIVE HEAT REJECTION @ 6.2 kg/kw {125°C).

@ AS ABGVE, WITH 3.86 ke/kw FOR 300°C HEAT REJECTION.

: 100 L 2 3 KW 0300°C
2 00
¥ WEIGHT
w'owu.
'2"‘":% © $OLE NOID
woe us”c (3) VIEICAT, KG
5 25
" )
U J'“ * " 7KW G 1255C
4 6 o 10 .
COIL OD, INCHES .

Figure 3 Solensid Design for High Power Klystron

Table 2 50 KW Fermanent Mognet Klystron Design

VOLTAGE /CUS: ENT . 3BV, 1.R) AMPS
PERVENICE /S 2MPORER : §»,241, Pg = 63K4
ELECTPCHIC eFFICIENCY 0.75

CIRCUIT EFF{CIENCY 0.97

RF PCAER CTPUT 50KW
HEATER POUIR Ll

DRIVER RF LLSSES .005Vglo = .3KW
" QUIPUT INTERTERTICH LOSS 025vplg = V.72
RF OUTPUT CAYITY LOSS 03(50) = ¥, 50K
POWER 1110 COLLECTOR 15.43¢4
COLLECTOR THERI'AL THPUT B.51Kd REMOVED @ 500%C

PASSIVE COOLING - o
RADIATOR 8 HEAT PIPES LIQUID METAL CYCLE € 2.2/1.5KG/KW FOR 275 C
@ .94/.43%C/r4 FGR 5009C

WEIGHT ESTIMATE

rr Y
OLLECIoR - & StaiENT oK o SPECIFIC WEIGHT » .78 70 .83
HAGHETS 7.5 Ke/1i
RADIATOR DISTANCE _VMTTER o EFFICIENCY « €0.7%
COoLING 0 2755 i
COOLING 0 5700C 4.2 B.0KG
TOTAL WELGHT 5.1 - 415K

P



Labdiiag Table 3. Features Affecting Transmitter Life

BEAM FORMATION .
CATHODE MANUFACTURING MATERIAL PROCESSING
EMISSION SUFPRESSION FROM SURFACES
CATHODE UASE MATERIAL PURITY ~POISONING MECHANISM
EVAPORATION RATES FROM IMPREGNATED CATHODES
HEATER WARMUP
BURN:-IN PERIOD-NO INFANT MORTALITY

BEAM FOCUSING
. SOLENOID DESIGN/MATERIALS-SPACE BAKEOUT FEASIBILITY AND CONTROL
MAGNETIC CIRCUIT MATERIAL SELECTION  SmCog.-ALNIGO;-FLUX CONDUCTORS

RF CIRCUIT :
COPPER ALTE RNATIVES FOR CAVITIES
PROPERTIES OF LOSSY INTERNAL CERAMICS
OUTPUT WINDOW POWER LItMITS BEO, Af,0¢

BODY AND COLLECTOR
LEAKAGE OF INSULATORS
SUPPRESSION OF SECONDARY EMISSION

EXTERNAL
LEAD AND CONNECTOR COMPATIBILITY

45 ASSUMPTIONS
: ~ KLYSTON DEPRESSED
BODY VOLTAGE KV 25 COLLECTOR
40 VoLTAGE CURRENT — NO REFURBISHING
AMPS OF SOLAR CELLS
CURREN, 2.0 1. ALL VOLTAGES DROP
BY SAME PLRCENTAGE
! _ INCL. DEPRESSED
. 4182 EFFICIENCY _ COLLECTOR.
00| " EFFICIENCY' |0 prpceNT | 2. MOD. ANODE ADJUSTED
TO OBTAIN DESIRED
B PERVEANCE.
RF POWER OUTPUT KW gg 3. igttgﬁgﬂ&mm
¥ .
PERvE AN 24 * EFFICIENCY CONTOUR
7 CE2 THROUGHOUT DESIGN
22 LIFE,
PO“'ER o i .
60 Yrryya 20 MICRO PERVEANCE
R WLV 77)
50
0 10 20 30
' LIFE, YEARS

Fignee 4 Klystron Performance When Optimally Matched to Spiar Cell Output
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135

951350
400
zf sf u:o 22° L ® PERVEANCE = .3 X 100 = 19N g3/2
RF POVWER OUTPUT KW ® ASSUMED EFFICIENCY = 83%
20 l ® FREQUENCY = 2.4 GHZ
t LIMIT OF CONSERVATIVE DESIGN
HEAT PIPE @ .5 KW/CM2 |
N |
10
OUTPUT CAVITY
INTERCEPTION
Kw :
8 .
HEATY PIPE g 5% BEAM INTERCEPTION
.25 KW/CM \/
(3
% BEAM INTERCEPTION
PR SN
30 40 50 60 70 80 '
VOLTAGE, KV )
Figurc &, High Power CW Limitations of High Efficiency Klystron
\ .
Table 4 Altermate High Power Klystron Designs
LB W
POWER 70.6kw 250kw 500kw
VOLTAGE/CURRENT 42kv/2.2amps 65kv/Samps 80kv/8,2amps
PERVEANCE K x 10V 25 .30 .36
RF SECTION LENGIH ~ VVo 16.5in 20.5in 22 8in
WEIGHT, kg | POWER, kw | WEIGHT POWER WEIGHT POWER
TUBE WEIGHT CAVITY, SEALS, BODY 10kg 15kg 16.6kg
ETC.~ 1.2 \Vo
COLLECTOR WEIGHT (EST.) ~ Vi, 7.0kg 13.2kg 18.7kg
SOLEKOID (EST.) @ 3000C, 1 KGAUSS, 20kg Zkw 24.8kg 2.93kw 27.9kg 3.98kw
P~82x0L ~VV, K
HEATER AND RE FOCUSING COIL 1.0kw 1.50kw 2.0kw
RF LOSSES 4.2kw 14.7kw 28.8kw
RADIATOR AND HEAT PIPES 0 | m 0 [ m o | 1m
WEIGHT AND POWER DISSIP'N REQD | 95 | 145 |  7.2kw 25313364 19.2kw | 4731720 35.8
@ 309°C
WEIGHT AND POWER DISSIPN REQ'D | 49 | 83 | 99kw 167321 344 338 64.9 69.0
@ 500°C
TOTAL WEIGHT KG 514 | 60.8 950 |12a.7 144 |199.8
SPECIFIC WEIGHT KG PER KW 727 | .8¢0 380 ] .495 258 | 400
" EFFICICNCY INC. SOLENOID 80.51% 82.43% 82.67%

LEGEND:
® SOLENOID FOLUSING, FIVE STAGE COLLECTOR, 45% RECOVERY.
® RF LOSSES AT INPUT, OUTPUT, PLUS 4.5 INTERCEPTION LOSS TOTAL 4.45% OF Volo
® USEFUL RF OUTRPUT =.7529 V40,
® COLLECTOR THERMAL DISSIPATION = ,105 V1,
® COLLECTOR PO“IEn RECOVERED = .08C0 Vn'o
EFFICIENCY = £3.4 5 EXCLIUDING SOLENOID
HEAT PIPES (1/O M LTER) + RADIATOR WEIGHT ESTIMATED @ 2.01/1.32kg’kw @ 300°C (BODY AND SOLENOID)
@ .94/ 4% g'kw @50607C (COLLECTOR)
S BAND DESIGN WITH SOLENOID @ "7~"~_ID = 3"0D = 414"
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Figure & "Cost Trends in Bigh Power CW Transmitters

Table §.  RF Transmitter Acquisition & 10 Yeam Replacement Cost

SPS5- 1546

N '
t | 50 haox0y 27 a4 28 | 357} 116 | 70 8 148 17 |23 102 e30
2 | 7¢ {85,000 2.8 238 2€ 1 2721 91 | 40 35 1476 1.8 256 108 | 723
3 | 25024000 10 160 26 | 83 70 1381 .4 |24 1o lwa 6ol 44r
4 | £0012,000 19, 130 ) SCl 60 |20 | .3 %g '.3 :§§ 4| 342
LEGEND
CANDIDATE
b : TRAMSPORT COST AT § 60/kq TO ORBIT
- : EXPONG/TIAL FAILURE RATE
L.'M FOCUSED KLYSTRC
.L:'w :ocu;iz m.:qm \ o PASSIVE COOLING
: STRON
2, 42k NOC CURN-IN COSTS INCLUDED
3, LM FOCUSED KLYSTRON 65kv
4 EMTOCUSED KLYSTRON 80kv

1} 13+
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ANALYTIC INVESTIGATION OF EFFICIENCY AND PERFORMANCE
LIMITS IN KLYSTRON AMPLIFIERS USING MULTIDIMENS I ONAL

COMPUTER PROGRAMS$ MULTI~STAGE DEPRESSED COLLECTORS 3 AND
THERMIONIC CATHODE LIFE STUDIES,

by
[y M [ .“.. Gc KOSMG"I‘
NASA Lewis Research Center
Cleveland, Ohlo

Introduction

In 1972 this author together with L.U. Albers performed an extensive para-
metric investigation of the extraction of energy in output gaps of klystron
amplifiers, using our own 3-D computer programs. Due to complexity of the
program which used a hydrodynamic, axially and radially defourmable dick-ring
model ard the resulting long computing time we limited our Investigation,
Ref., 1, to the output gap, by far the most important and difficult part of
the klystron interaction. As Inputs best results from independent studies

at G.E. by T. Mihran, Ref. 2 and at Varian, Ref. 3, by €. Lien were used to
initiate the starting conditions for the electrons and the RF voltage using
our program. Although this method of computation is less exact than process-
ing the entire klystron interaction Iin 3-Dimensions we verified that, for a
conflned flow focused beam throughout the penultimate cavity, radial velocities
remain very small and the beam is highly laminar. It was, therefore, con=~
cluded that possible errors resulting from treating only the output cavity

in 3-D would remain small,

Discussion of Results

We proceed now w!th the discussion of the computer results. Flgure 1 shows
the cross=section of the ring model used in computations and the degree of
complexity and care applied to compute accurately the radial and axial defor=-
matlon of the rings and the space charge forces. The price pald for this
effort ~ the computing time - was felt to be justified for the one time veri-
fication, Flqure 2 shows typical axlal and radial space charge functions.

In agreement with basic theory the radial functions obey Gauss' law inslde the
beam and the axial space charge force is zero at the tunnel wall r=a.

Efficiency

Let us now turn to the discussion of computed efficiencies. Flgure 3 shows a

plot of efficlency versus Be*a for two bunching levels, i|- 1.81l0  and i,- 1.64]0
B = 2.5XBgg , and 0.5 perveance., The voltage swingsa are 1.10, 1.05, and 1.0,
respectively. The 1, 81 .Io bunching is characterized by a very compact bunch

with a small velocity spread and absence of a typlcal antibunch disk since the
maximum-velocity past the output gap is only 1.14 u,. As can be seen from the
plots, the efficlency seems to decrease linearly with increasingf_a with a

slope of approximately 2.5 percent points efficlency loss for each 0.1 radian
increase in Bga. Note thatb/a , g , and 2.1 were held constant and only a

was permitted to increase. Thus at large Begvalues the aspect ratlo {/a is

A paper presented at the SPS Microwave Systems Workshop, at J4SC, Houston, TX
1% Jam 1980
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small; the RF fields penetrate deeper into the tunnels than in cases of narrow
tunnels. We observed that many disks were caught in the long fringes and ex-
perienced a post-acceleration when the RF field reverses its phase, This phase
reversal is also responsible for the Increase in current interception that is
marked in percentage points, since the radial RF fields action changes from
converging into diverging. Computations at Py ®P! were not continuad due to a
rapid increase in interception to impractical levels,

The above finding of increasing with decreasing ﬁLGl is confirmed by a
number of new experumental results Tn high-efficiency klystrons and TWT designs,
mainly at Varian (3), but it seems to disagree with the estimates of Mihran (&),
and the very early finding by Cutler (5). It should be remembered that Mihran's
conclusions were based on the behavior of rigid disks and did not treat the
energy extraction, while Cutler's experiments with helical structures cannot be
considered representative of a solid wall tunnel and a discrete gap with regard
to RF and space-charge fields. The author knows that the constant bunching
level assumed for computing the straight lines of Figure 3 cannct be strictly
realized in practical designs. The value F$¢k= 0.5 is probably as smail as
can be realized at high frequencies and further decrease inﬁLCL would only
increase the demands upon the focusing fields to excessive levels,

A physical explanation for the behavior presented in Figyre 3 was recently found
by researchers at Varian, notably E. Lien, who showed that a favorable conver-
sion of second harmonic bunching intc fundamental Lunching takes place at small
vaiues&Q.

Another important selection criteria for high efficiency designs is the choice
of perveance which, in turn, is a measure of space charge forces in the beam.
Large space charge increases the degree of the velocity spread in teams of all
tube types and also decreases the efficiency of depressed collectors. If we
again assume constant bunching, then Flzyre 4 demonstrates clearly the destruc-
tive effects of increasing perveance on the electronic efficiency of “re

output gap. Note also the increase of interceptions. On the other hand, to
achieve high overall efficiency, the circuit efficiency, %k must be as high as
possible which requires larger values of perveances, Thus, a comproiise is
required. This author suggested a value around 0,25 /H.perv. as most reasonable
selection.

Still another selection must be made concerning the length of the output gap.
The results are plotted in Figure 5 with 8y, the output gap length in radius,
as parameter and the outgut voltage &K out as abscissa . Fortunately, within
a range of 8p = 20°to 40°, 1? remains insensitive to gap length,

Parametric Optimization of the Qutput Gap Performance

If one assumes, as we did throughout this paper, that the quality and magnitude
of ‘the bunching used in this study was very close tc a practical optimum, then
it should be possible to perform a parametric computer optimlzatlon of the
electronic klystron efficiency. Note that the,value of ¢ /@E,. = 1.81 obtained
by E. Lien is close to the theoretical limit & /Lo =& 'and that this design
resulted In a very compact bunch and absence of a typical antibunch disk since

/%0
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the maximum velocity past the output gap was only 1.1 Uy, . With this justifi-
cation we proceed to discuss Figure 6 which is the most Important result of
this study.

Figure € Is a summary of some of our computations executed for disk distribution
and klystron design parameters as supplied by Mihran from General Electric and
Lien from Varfan. Our results are plotted with solid and dotted lines as

versus phase, Available for comparison were results published by Mihran et al.
(2) and by varia. {3), both with one-dimensional programs. The top circle
indicates an 83 percent value as computed by Lien (3), (and private communication)
who measured 75 percent with 2 percent RF interception and the triangle, an 82
percent value as computed by Mihran et al. (2) Note that both Investigators
used almost identical bunching levels with, however, different thalues of
0.485 and 0.75, respectively. Disregarding at first interception (which cannot
be computed with one-dimensional models) it is seen from Figure 6 that Lien's
number is about 3 percent and Mihran's about 10 percent points higher than our
result (which indicates 6 percent current interception at” = 0.806). The
strong dependence of ) on Bg&. is evident. A more sensible evaluation is
possible if not only measdred and computed efficiencies but also interceptions
are compared. Turning now to Table | which summarizes measured (by Lien) and
computed (author's program) results, excellent agreement in efficiencies is
evident. At\ = 1,08 the agreement in interception Is alsc very good and be-
comes less good with decreasings where measurements indicate some residual
interception while our program Indicates none.

It is believed thaet this difference Is more due to the ''nonideal’' features of
tubes than tc program errors., Also, the level of interception in Lien's klystr~n
was very small to begin with.

A comparison between Mihran's measurements of 17 = 0,62 with our computations
was not posaible because Mihranés measurements were carried out at a perveance
of 0.72x107° instead ot 0.5x107° and disk distribution for ¢he higher perveance
was not available.

In computing the above cases the correct field distribution between the tunnel
tips, as discussed in Ref. 6, was used. The detail is illustrated in Figure 7,
case (C) where the ratio of the E, fieid at the tunnel tips to that in a middle
of the ys; at r=a was approximately 2,5, Using the correct, actual field and
not the uniform one is important for the trajections of slow electrons moving
close to r=a,

Conclusions

A very accur-te mathematical model and computer program for the computation of
electronic interaction, electron trajectories, interceptions, and efficiency was
developed for the output cavity of a klystron ampiifier. It is concluded that
one-dimensional programs yield efficiencies that are approximately 10 percent
points too high at 07 levels > 0.7. It has been confirmed that e= 0.75, with
a few percent interception, is possible and that Me¢Xx 0.8 could bk obtained with
6 percent ''ideal' interception. With the augmentation by a novel depressed
collector, overall efficiencies of 80-85 percent seem possible. A very important
conclusion is the result that47 increases linearly with decreasingf,»a, at least
in the range 0.44 &Q‘- 1.0. "Another important conclusion is that efficiency
increases initially with interceptions. At% ) 0.7 transverse velocities of many
rings are comparable to axial components and exit angles up to 30° were observed.



Multi-Stage Depressed Collectors

The combination of LeRC developed Multi-Stage vepressed Collectors (MDC) and

Spent Beam Refocusing Schemes has led to demonstration of highest collector

and overall efficiency when applied to TWT's with moderate electronic efficiencies
( Me& 25%), Ref. 7. MDC efficiencies in excess of 97% were measured on dc

beams of medium perveance (0.5 s perv) and more than 85% MDC efficiency on

spent beams with 20% electronic efficiency. This author developed simple re-
lations for predicting the MDC ‘and the ovetall efficiency;‘? ov, for TWT's in

Ref. (8):

, 3 7
(iperv) V”)c ‘pperv ()
of = De |- ;’J:-' 3 L,
42 ,7 [ o = {(rrlvv). \/7¢ Yol aiad

c .
Nov = e e P P @“)
l-“]q,q-'-”) + BT ) 4+ Pser
wt (e + HT) + 22
{Pint, Psol designate, respectively, the intercepted and solenoid power).
These relations may be derived, Ref, (8), from a more basic relation der ived

by this author,also in Ref. (8), for the smallest (normalized) energy of an
electron in the spent beam of a helical TWT:

o t i (3)
T = = feper) Ve ey

The factor f{ M.perv) is a simple function of the perveance ranging from

f(o)= 1.26 to f(2) = 0.8 for helical TWT's. It assumes different (from those
quoted above) but as yet unknown values for coupled cavity TWT's and klystrons.
Relation (3) holds also below saturation and does not contain any small signal
quantities. Were f( /L.perv) known for klystrons it could be then applied to
egs. (1) and (2).

During the eartier days of our collector work at LeRC we did some collector

work in conjunction with klystrons of microperv .75 at C~Band and 0.5 at Ku

band and e X L0%, Highest then achieved collector efficiencies were
approximatdly 65% resulting in overall efficiencies of about only 50% due to
interception and poor circuit efficiencies (less than 90%). A klystron with
80% electronic efficiency has a very unfavorable velocity sprealthat will

make the design of a MDC even more difficult because of the presence of
majority of rings at the output whose velocities are€0.28.o. This author doubts
that a MDC efficiency of more than 50% could be practically realized. This
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fact plus the presence of interception, circuit losses ( "?ckx 0.95)) the
solenoid power and a complex power supply are likely to limit the effective
RF output efficiency to below 85%.

Cathodes

Cathode performance and cathode life are the main limiting factors to the
reliability and long life of microwave amplifiers. The Microwave Amplifier
Group at LeRC was and is, for this reason, engaged and committed to testing
and analyzing high performance’ impreégnated’ tungsten matrix cathodes since
1971. Figure A shows the results of long life tests, carried out in_real
tubes at a density of 2A/cm? on a large number of samples, At ZA/cm2 the

standard Philips B-cathode has a useful life of about 40,000 hours. The

M cathode, the most promising and interesting Qf the matrix type cathodes,

is expected to perform for 8-10 years at 2A/ecm“ judging from the recorded
performance to date. Since the SPS klystron would require a cathode loading
density of only 1 or less A/cm?, commensurate with a tfue cathode temperature
of about 980°C, an educated guess would lead us to an estimated )ife of
perhaps 20 years. Actual test results of this duration are, of course, not
available at all and great caution must be exercised in making predictions
for system life exceeding 15 years.
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PROGRESS REPORT ON THE ADAPTING OF THE CROSSED-FIELD
DIRECTIONAL AMPLIFIER TO THE REQUIREMENTS OF THE SPS
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ABSTRACT

Progress in adapting the crossed-field directional amplifier tc the SPS is reviewed with special emphasis
upon (1) recent developments in controlling the phase and amplitude of the microwave power output, (2) a
perceived architecture for its placement in the subarray, and (3) recent developments in the critical pivotal

areas of noise, potential cathode life, and efficiency.

Introduction and Background

The first proposed use of the crossed-field
directional amplifier in fhe solar power satellite dates
back to 1969 and 1970.* Since then there have been
a number of successive discoveries and developments
resulting in an ever-increasing better fit between
the device and the severe requirements that are
imposed upon the generator by the SPS.

First proposed by the author in_the form of a
200 to 400 kW liquid cooled amplitronl, the crossed-
field device approach was soon changed to a passively
cooled amplitron in the power range of five to ten kW
because of the high desirability of passive cooling in
the SPS satellite as pointed out by 0.E. Maynard.?2
Such a tube was designfd and the first phase of its
development completed.

In 1975 R.M. Dickinson of JPL proposed that
because of its high efficiency, simplicity, relatively
low mass, and already established high production
volume and low cost, the microwave oven magnetron be
incorporated into a directional amplifier package and
considered for the SPS. While subsequently investi-
gating this approach the author made two important
discoveries: the first, that the microwave oven
magnetron, when operated with a ripple-free DC power
source and with no externally applied filamsnt power,
has an extremely high signal to noise ratio®; the
second, that under these conditions the carburized
thoriated tungsten cathode can be operated at such
low temperatures that a potential life of more than
50 years is indicated under the high-vacuum a"é‘
highly controlled operating conditions in space. »6

The potential role of the magnetron directional
amplifier in the SPS is now being further evaluated
under a NASA-MSFC contract.? This investigation
first involves an extension of the laboratory data base
on the magnetron directional amplifier utilizing the
microwave oven magnetron. This data, when combined
with information obtained from other sources, will then
make it possible to accurately define the projected
characteristics of a higher powered version of the
magnetron directional amplifier for SPS use, and to
define a program of technology development that
would result in the development of such an amplifier.

Because of the basic similarities of the magnetron
and amplitron in their construction configurations
and performance characteristics it is found that much
of the experience gained in adapting the amplitron to
SPS use is directly applicable to a similar adaptation

of the magnetron directional amplifier.

The current study involves a penetrating look at
all of the interfaces associated with the magnetron
directional amplifier. At least one level of higher
integration must be examined, and in some instances,
more. The study has progressed far enough to yield a
specific architecture that is shaped by these inter-

faces and that appears to have many attractive features.

One of the most important developments of the
current activity is the precise control of both the
amplitude and phase of the microwave power output
from the amplifier by feedback control systems utilizing
phase and amplitude references. The method by which
amplitude is controlled is of overall SPS system interest
in that it can be adapted to match the entire microwave
generating system to the solar photovoltaic area at the
point of maximum operating efficiency.

The material which follows is intended to provide
the reader with: (1) a brief summation of those
features of the crossed-field device that are of a
desirable nature for the SPS; (2) a comparison of the
amplitron and the magnetron directional amplifier for
orientation purposes; (3) knowledge of the recently
established architecture of the subsection of the sub-
array into which the amplifier is placed; (4) an
introduction to the recently developed method for
accurately controlling the phase and the amplitude of
the microwave power output; (5) discussions of several
very important pivotal areas relating to noise, tube
life, and efficiency and (6) a summation of areas of
concern needing additional attention.

Features of the Crossed-Field Microwave
Generator that are Desirable for the SPS

e High Efficiency: Overall efficiencies in excess of
85% have been demonstrated in an off-the-shelf
magnetron used for industrial microwave heating and
in certain laboratory models of the amplitron. An
efficiency in excess of 80% at power levels (3 kW)
low enough to utilize passive cooling has also been
obtained,

e High Signal to Noise Ratio: Random noise level in
a 1 MHz band down 100 dB or more at frequencies
above and below carrier frequency by more than 10
MHz. The noise level may be lower because -
instrumentation is the limitation.

o Potential Life of 50 Years or More: Such life is
possible by operating at low emission current
densities that allow the low operating temperatures
that have a proven association with extremely long
life of carburized thoriated tungsten cathodes.
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® Low Ratio of Mass to Microwave Power Output:
The current estimate by the author is 0.4 kilograms
per kilowatt of microwave power at the tube output.
This includes the weight of the passive radiator but
not the buck-boost coils which are considered a
power conditioning function.

e Accurate Control of the Phase and Amplitude of the
Microwave Power Output: By use of a set of phase
and amplitude references and a set of phase and
amplitude sensors the phase can be controlled to
within %1 degrees and amplitude to within +3%,

e Potential to Perform the Bulk of the Sysiem Power
Conditioning Requirements: The buck-boost coils
necessary for output amplitude control of the
magnetron can take on the added function of
adjusting the input of the microwave system to
operate at the optimum output voltage for the solar
array,

e Minimal X-Ray Radiation: The crossed-field tube
energy conversion mechanism generates negligible
radiation, permitting maintenance functions during
operation of the SPS,

e Only One Voltage and Two Terminals Required for
Normal Mcrowave Tube Operation: Auxiliary power
is required for a few seconds to heat up the cathode
and initiate emission,

e Simplicity of Construction: Th+ .rossed-field device,
particularly in its magnetron form, is very simple
in construction.

¢ High Degree of Maturation in Production and Cost:
Currently, more than two million mmagnetrons that
closely resemble a similar tube for the SPS are
manufactured annually for the microwave oven.

Definition of Crossed-Field Directional Amplifiers -
Comparison of Amplitron and Magnetron
Directional Amplifier

A directional amplifier is defined as a device which
passes energy in both directions but which amplifies
in only one direction, There are at least three ways,
as shown in Figure 1,in which a crossed-field device
may be used as a directional amplifier. The figsg is
in a self-contained device called the amplitron.®'¥ The
amplitron is unique among the devices in that it needs
no assist from auxiliary devices to obtain its directional
amplification. It is a relative broadband device and
has a very small phase change from input to output
as a function of a change in frequency, magnetic field,
or DC current level as compared with other crossed-
field directional amplifiers and linear beam tubes, as
well., This feature is advantageous in many appli-
cations where a high degree of phase stability is
needed. The device does have limited gain of about
10 dB. The device is widely used in radar systems.

The second way is the combinatior. of a magnetron
oscillator and ferrite circulator which converts the
magnetron oscillator into an amplifier with a bandwidth
over which gain can be obtained.l? The bandwidth is
dependent upon the level of the drive relative to the
level of the power output of the device. Typically, a
bandwidth of 15 MHz can be obtained at 2,45 GHz
with a gain of 20 dB while 5 MHz is possible with a
gain of 30 dB. At these gains and within these band-
widths, the efficiency will remain high and nearly
constant. The very high signal-to-noise ratio is
independent of bandwidth and gain.

The total range of phase shift within the device as
the drive frequency is shifted over this bandwidth is
approximately 180°. The center of the frequency range
over which amplification occurs is at a frequency de~
pendent upon the operating current level of the tube,
the temperature of the tub2 envelope, and other
secondary factors.

0C POWER

ANPLITAON

MAGNETEION §
CMABK 17

mret

BC POWER

Figure 1. Directional Amplifier Approaches Utilizing
Crossed-Field Devices.

As shown in Figure 1, the principle can also be
carried out by means of a "magic T" or, synonymously,
a 3 dB hybrid, an alternative method originally sug-
gested for the SPS by R.M. Dickinson. A matching of
the characteristics of the two tubes is required in the
hybrid, but a ferrite circulator is not required.

It should be noted that the operating meory of
the directional amplifier is well established. They
are often called "reflection amplifiers” or "locked
oscillators". The principle is probably more often
employed for solid state amplifier devices than for
vacuum tubes.

It is important to realize that the magnetron device
and the amplitron are very closely related so that
development work that is done on one may be directly
applicable to the other, as indeed is the case in the
SPS. A set of scaling laws and design equations
apply equally well to both devices in establishing their
power level, voltage and current inputs, efficiency,
cathode size, and other basic parameters. Both
devices even use the same slow wave circuit, with
which the electrons interact. However, the manner in
which connections are made to this internal circuit is
the basis of distinguishing these devices. As shown
in Figure 2, the circuit is made reentrant in the
magnetron and one output connection is made to the
device, while the internal circuit in the amplitron is
cut and the ends of it matched io external trans-
mission lines.

Overall Architecture of the Subarray Employing
the Magnetron Directional Amplifier

Physically placing the microwave generator in the
subarray and making the proper allowances for its many
electricel and mechanical interfaces with other components

14y
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and with space itself introduces the perennial systems
design problem of making all the parts fit. This
problem is currently being worked on as a necessary
part of the MSFC study to project the characteristics
of the magnetron directional amplifier and to define
the technology development program te fully develop
the magnetron directional amplifier.

(3) AMPLITRON

{b)} MAGNETRON

Figure 2. Diagram Illustrating the Basic Differences
of Construction and Operation Between the Amplitron
and the Magnetron.

It is believed that the development of the
subsection shown in Figure 3 represents a substantial
advancement toward the ultimate solution of this
problem. The design recognizes and solves the
following problems:

1. The microwave generators must dispose of their
heat directly to space by operating at temperatures in
the 200° to 300°C range. On the other hand, solid
state devices which may be needed for many purposes
cannot reliably operate at temperatures higher than
150°C and lower temperatures are preferable.

The design takes care of this problem by having
the generators radiate heat in only one direction.
Heat normally radiated toward the face of the array
is largely reflected by a thin insulation blanket. There
is also a substantial temperature drop across the thin
walled waveguide construction. The solid state
devices are located either on the face of the slotted
waveguide array or in the slots immediately back of
the face which are a property of the proposed method
for fabrication of the thin-walled slotted waveguides
radiators. Such components may be easily attached to
heat radiating sinks on the front surface, if need be.

2. Phase and amplitude sensors, phase and amplitude
references, and electronics associated with the control
loops for phase and amplitude control must be incor-
porated. The architecture of Figure 3 provides the
means of putting both the references and sensors for
both amplitude and phase at the point where they are
needed most-right at the radiating surface of the
antenna. All solid state devices that are associated
with the control electronics are located in the same
area where they can be operated in a relatively cool
environment.

In the architecture the phase and amplitude
references are fed from the backbone of the subarray
through flat ducts welded to the surface of the slotted
waveguide arrays. These ducts serve an additional
function in that they are very effective stiffeners of
the thin aluminum faces of the waveguide array.
However, the fact that these ducts run all the way to

the edge of the subarray governs the number of tubes
and area of slotted waveguide array that are in the
subsection, Thus, the whole subsection may be
considered as a plug-in unit and this concept replaces
the earlier held concept that each tube and its slotted
waveguide array section represented a plug-in unit.

INSEAT 0N OF
REPEASNCES
AUKHIARY POBER

CHANNEL
POR MIRGATION OF PHASE
AND AMPLITUSE REFIRLACES
PERMANENT MACHET ARG MIKKIARY DC POPIR
§ *WUCK-BO0ST* COIL et cn .

WY ION

0P OF BLOTTES
WAVECUHIE ABRAY

Figure 3. Assembly Architecture for the Magnetron
Directional Amplifier in the Antenna Subarray. Two
Subsecticns are Shown. Microwave Drive and All
References and Auxiliary Power are Inserted from the
"Backbone" of the Subarray. The Array has Two
Distinct Temperature Zones. Tho Top is Used to
Radiate the Heat., The Bottom is Used for Mounting
of Solid State Components.

3. Interface with the microwave drive source. In
Figure 3 the microwave drive source is not shown but
it is derived from another magnetron directional
amplifier identical to the ones directly attached to the
waveguide radiators. At a gain level of 20 dB, one
magnetron directional amplifier can drive between 50
and 100 other magnetron directional amplifiers. The
microwave drive for any one subsection, as shown,

is delivered to the intended tube through a waveguide
which runs the length of the subsection and serves
all the tubes. The energy may be siphoned off by a
number of different techniques including directional
couplers and the standing wave techniques used in
the design of the slotted waveguide radiators.

After the power is taken off the central waveguide
feed it enters one port of a "magic T", or alternatively,
one of the ports of a ferrite circulator (not shown).
Two magnetrons with matched performance are placed
at either end of the Magic T, unequally separated in
distance from the center by a quarter wavelength.

The combined power of these generators then comes out
of the fourth port of the device directly into the
slotted waveguide array. :

4. One of the interesting features of this architecture
is that the cathode and magnetic circuits are operated
at ground potential. This permits the power for initial
heating of the filament and for energizing the buck-
boost coils on the magnetron to be operated at ground
potential. The anode and its radiator are isolated from
ground potential by means of alumina ceramies which
also support the anode and the magnetic circuit. The
output of the magnetron is a coaxial probe which
excites the waveguide without physical contact and
therefore can remain at anode potential.

5. Bources of auxiliary power. Not shown in Figure
3 but located along the spine feeding the subsection
array are sources of the auxiliary DC power needed




for the phase and amplitude control systems and for
the transient heating of the fllament fon starting pur-
poses. The amounts of power that are needed are
relatively small, characteristically five or ten watts
for each magnetron directional amplifier. This power
is most easily obtained hy tapping off a portion of
the microwave power from the magnetron directional
amplifier that drives the subsection array, then
performing the desired impedance transformations at
microwave frequency and rectifying the output with
the highly efficient type of rectifiers that are used in
the rectenna. The auxiliary power is then distributed
to the individual magnetron directional amplifiers in
the subsection array through the flat conduiis
located on the slotted waveguide array surface.

Incorporation of Phase and Amplitude Tracking ir the
Magnetron Directional Ampiifier

The output phase of any microwave generatur in
the SPS, regardless of kind, must be carefully
controlled in erder that it not appreciably impact the
overall phase budget of the subarray which must
include many other factors. Open ended control for
the magnetron directional amplifier and klystron is not
feasible and probably only marginally feasible for the
amplitron. For the magnetron directional amplifier
and klystron this control must utilize a low level phase
reference at the output, a comparator circuit to com-
pare the phase of the generator output with the
reference phase and to generate an error signal, and a
feedback loop to make a compensating phase adjustment
at the input,

The control of the output amplitude in the face
of many factors that tend to change that amplitude is
also essential for generating an efficient microwave
beam. In the case of a crossed-field device the output
amplitude can be controlled to a predetermined value
by another control loop which makes use of small
electromagnets that can be used to boost or buck the
residual field provided by permanent magnets.

The amount of power required to compensate for
expected variations in the permanent-magnot field with
temperature and life, and minor changes in the
dimensions of the tube with life are very small. With
additional power, but still reasonable in the context
of power dissipation from other causes, this arrange-
ment can also adjust the operation of the microwave
generator array to the most efficient operating point
of the solar photovoltaic array., This would be very
difficult by any other means of power conditioning
because the output of the solar cell array is DC and
the direct transformation from one DC voltage to
another is not possible without resistive losses. In-
direct methods such as transformation to high
frequency AC, then an AC voltage change by trans-
formers, and then back to DC again by rectification
would appear to be highly impractical in this application
where huge powers, very low mass requirements, and
difficulty of dissipating the inevitable losses in the
transformation process prevail.

It is of importance to note that the magnetron
directional amplifier will be operating in an efficiency -
saturated mode so that modest changes in operating
voltage will have only a minor impact upon operating
efficiency. Thus the optimized efficiency of the solar
cell array will predominate in the combined operating
efficiency of solar array and microwave generators,

The overall schematic for the combined phase and
amplitude 2ontrol of the magnetron directional
amplifier is shown in Figure 4. Also shown is how
this control can be related to the overall power

absorption by the solar cell array. A central computer
establishes the most efficient operating point (maximum
power output) of the solar cell array and then adjusts
the refersnce power output of the banks of magnetron
directional amplifiers, making certain of course not

to err on the side of asking for more power than is
available from the array.
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Figure 4. Schematic Diagram of Phase and Amplitude
Control of Output of Magnetron Directional Amplifier.
The Packaged Unit is Enclosed in Dotted Line.
Relationship to SPS Overall System is Indicated
Outside of Dotted Line.

The phase and amplitude tracking system
requires a set of references and a .2t of sensors.
These references and sensors are located at the front
face of the slotted waveguide array where the most
accurate sensing of the phase and amplitude can be
made and where the solid-state sensing and control
devices can find a temperature environment that they
can tolerate.

The amplitude reference is a DC voltage whose
value can be remotely controlled from a central source.
The amplitude sensor is a crystal detector coupled to
the slotted waveguide array. It provides a DC
voltage which is compared with the DC voltage refer-
ence. The error voltage, after suitable gain,
establishes a current in the buck-boost coils which
changes the magnetic field, which in turn changes
the magnetron current to change the power output of
the magnetron in a direction to mirimize the error
voltage.

The phase control system makes use of a phased-
controlled signal from a central source, a sampie of the
output power, and a balanced detector which compares
their phases. The error signal can be used to operate
a number of different types of phase shifters positioned
in the input side of the magmetron directjonal amplifier.

A test bed, shown in Figure 5, has been
constructed to check out the proposed control system.
For most laboratory measurements a resistive micro~
wave load is substituted for the slotted waveguide.
The sensors are located in the waveguide approach
to the load. Although the evaluations of the control
systems are not complete, the initial information
indicates that they behave as predicted.

Noise Emission Prcperties of the Amplitron,
Magnetron, and Magnetron Directional Amplifier

The lack of historic data on the noise performance
of CW crossed-field devices and the consequent
inability to predict their behavior in the SPS
application where the noise level of the transmitter is

190




(5!

ORIGINAL PAGE IS
OF POOR QUALITY

a highly critical issue understandably became a major
factor in the preliminary selection of a generator
approach in the reference design. In the recent time
frame people within the SPS microwave system
community have become aware of the very low noise
data that has been obtained from the microwave oven
magnetmn‘"5 which is now serving as a scaled-down
version of an SPS magnetron and to a lesser degree
they are aware of the low noise data t_was
obtained from the amplitron developme.

Figure 5. Test Bed for the Phase and Amplitude
T acking Investigation, Shown with Slotted Waveguide
Load as an Option.

The early lack of data in this area is
understandable when it is considered that the
production of random noise outside of an area
im nediately around the signal (where it is important in
communication or doppler radar applications) has been
of little concern or interest in the past. However,
jt .t the converse is true in the SPS .upplication where
the high power level of the transmitter makes it
mandatory to have very high ratios of carrier signal to
r indom noise everywhere but immediately close to
t e carrier. Even after the importance of this noise
\. 18 realized it was necessary to make special noise
measuring setups to obtain more sensitive measurements
of noise. In these setups the carrier signal was
greatly attenuated in order to allow the noise to be
visible as exhibited on a sensitive spectrum analyzer.

Many measurements of signal to noise ratio over
frequency ranges of as much as +1000 MHz either
side of the carrier have been made on magnetron
directional amplifiers with this equipment. , A typical
set of measurements is shown in Figure 6. The data
was taken both with normal external power applied
to the filament and with no external power applied.
The reader's attention is to be focused on the very
high signal to noise ratio that is obtained over a
frequency sweep of 200 MHz with no external power
applied. The signal to noise ratio is 100 dB for a
1 MHz band of noise. This corresponds 1o a signal to
noise ratio of 130 dB per 1 KHz of noise which is
greater than the 125 dB quoted for the klystron in the
reference rosign. Sweeps of #1000 MHz around the
carrier also exhibit equally large signal to noise ratios.
The reader is reminded that with 1 1ese signal to noise
levels even a 10 gigawatt transmitter would be radiating
only one watt of noise for each megahertz of the

frequency spectrum,
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Figure 6. Spectrum of Locked Magnetron.

The signal to noise level may be substantially
better than 100 dB /MHz because the measurements are
still limited by equipment sensitivity. The sensitivity
is currently being increased by 20 dB so that signal
to noise ratios of as great as 120 dB /MHz can be
measured.

It should be noted that while these noise
mecsurements were made with a device gain of

approximately 20 dB, the noise behavior remains ‘
independent of gain 2t I _h gain levels At high gain

levels the drive source appears as a sn.all reflection ’
factor (0.1 for a gain of 20 dB) and this has a !

negiigible impact upon the behavior of the tube.

It should also be noted that these low noise
measurements have been observed on magnetrons made
by different manufacturers and in different time
periods, but not on all magnetrons that have been
randomly selected. However, no studies of a
statistical nature have been made nor probably should
be made until more sensitive measuring equipment is
available. And it may be more effective to devote
any limited future effort to better understanding the s
sources of noise in the magmetron. 4
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There is currently no government support of any
investigation into the sources of noise in the crossed-
field device. However, Raytheon Company did carry
on a modest effort in this area in 1979 in which special
external probing equipment vas huilt to examine the
fine structure of magnetron o, ration with the hope of
determining some of the factors that greatly impact the
noise performance. Some of these results are very
interesting but a discussion of their logic and impli-
cations would be so lengthy and involved that it would
be outside the scope of this summary article.

Measurements of close-in phase modulation noise
added by the magnetron directional amplifier'! were
also made when it was operating with a gain of
approximately 20 dB. These measurements indicated
a carrier-to-noise level that was typically 115 dB for
a 1 KHz band of noise in the range of 10 KHz to
160 KHz removed from the carrier frequency. This
represents excellent performance.

The discussion is now turned to harmonic
generation. In this area there was no particular
issue between the crossed-field and klystron device
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approach since it 18 known that both of these devices
along with all ~ther classes of microwave generators
produce harmoniecs. It was apparent, however, that
there was little data on the quantitative level of these
harmonics in any device, partly for the reason that it
s difficult tv make such measurements in waveguide
where the harmonics usually become accessible.

However, a method of making measurements in a
small coaxial line and water load attached immediately
to the output of the magnetron and matched into it
with a normal loaded Q, thus avoiding the problem of
multiple mode propagation, was employed. Measure-
ments made on two representative tubes, designated
as #11 and #12, are given below.12

HARMONIC LEVELS

#11 #12
Frequency *dbe *dbe
f 0 0
(8]
2 f“ -1 -69
3f LY -85
O
| '“U -86 -93
Bt -62 -64

© *dbc - decibeis below carrier level

These findings are somewhat better than had been
anticipated. The unexpected anomaly of the significant
energy at the 5th harmonic is an indication of the
difficulty of the a priori assessment of the more
complirated characteristics of any microwave generator
that may be designed for the SPS.

Investigation into the Designing of Magnetrons
with Cathode Life of 50 Years

t is well known from the theory and experience
associated with properly carburized thoriated tungsten
cathodes that such cathodes can have extremely long
life if theal gre operated at low temperatures in a good
vacuum.13:14  An investigation of the application of
this knowledge to the design of long life cathodes for
SPS magnetrons was precipitated by a question raised
by a NASA representative about the life of tubes with
carburized thoriated tungsten cathodes that had ex-
hibited very high signal to noise ratio when powgr
from the external heater source was set to zero. The
resulting investigation not only indicated that very long
fife ‘an be achieved but also led to the discovery of
an u, parently overlooked feedback mechanism in the
magnetron that maintains the emitting surface of the
cathode at a temperature just sufficient to supply the
needed current that flows from the cathode to the
anode. This mechanism assures that the tube will
determine its own long life, independent of external
circumstances with the exception of compromised high
vacuum and demand for increased anode current
beyond the design value.

The investigation that was made began with the
use of an optical pyrometer to observe the brightness
temperature of the magnetron cathodes through
optically transparent windows in specially constructed
tubes. The arrangement is shown in Figure 7. The
tube is fitted inside of a magnetic solenoid so that the
magnetic field and therefcre the operating voltage of
the tube can be varied. Most measurements were made
without the application of any external heater power to
the filament.

It was observed that the only parameter that had
a significant impact upon the cathode temperature was
ancde current. It had previously been assumed, for

example, that cathode bombardment power would
inerease with greater magnetic field and greater power
input. By contrast, it was observed that when the

anode current was held constant and the magnetic
field varied over a range of two to one to give an
increase of power input by approximately the same
amount, the cathode temperature remained the same
to within #10°C, or not much greater than the
resolution of the optical pyrometer,

Figure 7. Test Arrangement for Viewing the
Temperature of the Filament-Type Cathode in the
Microwave Oven Magnetron as a Function of Anode
Current, Applied Magnetic Field, and Microwave Load.
Optical Pyrometer is in the Right Foreground. Trans-
parent Window is Visible Outside of Solenoid-Type
Electromagnet.

The variation of cathode temperature with anode
current is shown in Figure 8. The slope of this
curve is nearly the same as that obtained from the
fichardson-Dushman equation which predicts tempera-
ture limited emission density as a function of true
temperature. If the Richardson equation is matched to
the true temperature of 1896° Kelvin that corresponds
to « brightness temperature of 1500°C, then a
reasonable value for the constant A of the equation is
obtained. The emission as a function of temperature
may then be obtained and as the three points on
Figure 8 indicate follows closciy the experimental data.

It has been establisked from life test evaluations
that the life of a carburized tungsten cathode is a
very steep function of the operating temperature.
The difference between life at 2000°K and 1900°K is a
factor of ten.

From the great body of design data that is based
upon many laboratory investigations as weli as life
test data, an operating temperature of 1900° Kelvin
is associated with a potential life of 500,000 hours or
more than 50 years, as derived from the curves and
the notes on Figure 9, if the cathode is made from
0.040 inch diameter wire that is 50% carburized.13,14
This is a reasonable design and ¢ reasonable
operating temperature for a cathoc¢ that could be
used in a magnetron designed for SPS use.

Of course, life test data for 50 years is not
available. But the design data of Figure 7 would have
predicted a life of 130,000 hours for each of a lot of
12 tubes manufactured by Machlett for use in the WWV
transmitter. The filament wire was 0.035 inch in
diameter and 20% carburized, and the tubes were run
at 1950° Kelvin. The 12 tubes had a total running
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time of 850,000 hours and there had been no failures
when the equipment was retired from service, Some
of the tubes had been operated at 86,000 hours or 2/3
of the predicted life. Considering that there were no
failures among the 12 tubes this test would indicate
that the use of Figure 7 is conservative practice.
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Figure 8. Cathode Brightness Temperature and
Associated Points of Temperature Limited Emission
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These tubes were also high power anZ high
voltage tubes, similar to the projected SPS magnetron
and subject to the same cathode failure mechanisms if
the vacuum inside of the tube were not sufficiently
good.

The coneclusion is that a very pood argument can
be made for extremely long cathode life in the proposed
SPS magnetron. The argument is based upon observa-
tions of low operating cathode temperatures in operating
magnetrons, an internal mechanism that will automatically
keep the cathode temperature as low as possible over
closely controlled operating corditions in the SPS, an
enormous body of experience and information on the car-
burized thoriated tungsten cathode that is well
documented in published papers and bouks and the
correlation of the long life of the Machlett tubes with
predicted life.

Crossed-Field Device Efficiency

Crossed-field electron tubes of the magnetron and
amplitron type are properly recognized as the most
efficient of microwave generator devices. But the
highest electronic efficiency, defined as the efficiency
with which DC power is converted into microwave
power, is associated with a high ratio of the magnetic
field B to a design parameter B, which is proportional
to frequency as shown in Figure 10. But the
theoretical electronic efficiency is always degraded to
some degree by the circuit efficiency, and can be
degraded by improper design of the interaction area
and other design parameters as well. When the B /By,
ratio is high and the tube otherwise properly designed
the measured electronic efficiency has exceeded 90%
as exhibited by the commercially available 8684
magnetron. For reasons largely related to the physical
size and cost of the permanent magnet, crossed-field
devices are almost always designed in the range of
B/B, of four to six. This is true of the microwave
oven magnetron whose operating characteristics have
recently been intensively evaluated.
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Figure 10. WMagnetron Efficiency as a Function of
B /B _ Ratio.
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However, the microwave oven magnetron can have
its permanent magnet removed and be operated in an
electromagnet. When this has been done the
measured overull efficiency can be considerably
increased as shown in Figure 11. The mcasurement of
8211% efficiency was carefully measured after extensive
preparation and precaution and then a balance was
made between the DC power inpu: and the sum of the
microwave power output and the power dissipated in
the anode as an additional precaution. After taking
a carefully measured circuit efficiency of 95% into
account, the clectronic efficiericy was computed to be




86%. To this may be added at least one and perhaps
two percentage points to take into account the
amount of beckbombardment power that was needed to
heat the cathode to a temperature sufficient to
provide the emission (No external filament power

was used).
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Figure 11. Theoretical and Experimentally Observed
Electronic Efficiencies of Conventional Microwave Oven
Magnetron and 915 MHz Magnetron. Electronic
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Although this efficiency may seem high, actually
it is from six to eight percent lower than it should be,
and considerably below that of the 8684 previously
referred to and also shown in Figure 11. The reason
for the degraded efficiencies that seem to occur for
all B/B, ratios is not fully understood. A con-
taminated field pattern does exist in the tube in the
cathode-anode interaction area and there may be some
leakage current, although small, around the end
shields. But there are probably other factors as well.

To the author's knowledge there has never been
a dedicated effort to maximize the efficiency of the
crossed-field device, with but one exception., The
one exception was an effort made on an amplitron
device and resulted in an overall efficiency of 90% +3%
(Figure 10). It therefore seems probable that if
there were a dedicated effort tc optimize the design
for efficiency an efficiency of 90% could be achieved
from an SPS tube. The procedure would be to use high
B /B, ratios, make certain that the end shield and pole
piece design were proper, make certain the cathode
potential always remained at a neutral potential with
respect to the vanes, contour the vane tips, and design
for high circuit efficiency.

Areas of Concern Needing Additional Attention

Although the magnetron directional amplifier has
been operated at very high carrier-to-noise levels,
confidence in such performance and the potential to
improve on that performance must be based upon an
improved understanding of what causes the noise,
Recent experiments would seem to indicate that the
random noise that is observed is not an inherent
property of the basic energy conversion mechanism in
the crossed-field device but is rather associated with
one or more extraneous mechanisms that are complex

and difficult to comprehend.

it is expected that

various hypotheses may be gencrated to explain them
but that there will be little confidence in these
hypotheses until special tubes are constructed to test
them.

concern for the miu: i

«vea of efficiency, there is the
32 ix to eight percentage

Similarly, in ‘&

points in efficiency in t..; microwave oven magnetron
and more than that in the experimental amplitron.
Presumably, most of this efficiency loss can be
accounted for by the contaminuated field patterns in
the interaction area; therefore tubes with good field
patterns should be constructed to check this
hypothesis,

Of particular concern are complications arising

from the desire to operate the SPS tube at relatively
high magnetic field to obtain high efficiency and at
high ratios of voltage to current to assure long
cathode life, but measurements of signal to noise
from the microwave oven magnetron run with these
conditions indicates a iower signal to noise ratio. It
should be noted that under these conditions the
rather primitive end-geometry arrangement to contain
the space charge may allow current leskage from

the interaction area that can lead to noise.

The

condition may be further exacerbated by a change
in the shape of the magnetic field caused by magnetic
saturation of the pole tip.

To better understand these areas of concern it

seems clear that some special experiments requiring a
special experimental tube will be needed.
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1.0 SPS ANTENNA ELEMENT EVALUATION - J. Nalos, Boeing Aerospace Company '

The SPS transmitting aray requires an architecture which will provide a Tow
veight, high efficiency and high structural rigidity. Several candidate ante: 12 configu-
rations include the parabolic disn, the parabolic cylinder, the lens and the .aveguide slct
array. As discussed below, the waveguide slot array is preferred over the other options.

Parabolic dishes are widely used on earth. For SPS application, they could be
readily laid up in six-foot diameters with lightweight graphite-epoxy materials. On
the other hand, the area efficiency of such an array is relatively low. Moreover, a

. zero spillover feed configuration is not presently apparent.

An array of paraﬁo]ic ¢ylinders with line-source Teeds could give better area
efficiency than an array of dishes, but would suffer from feed blockage.

A lens, using lightweight waveguide structures, with zero blockage behind-the-
lens feedhorns can have high efficiency and little spillover, but the SPS center-to-edge
illumination tapers would give a spatial "lumpiness" which would produce undesirable
grating lobes in the far-field pattern.

As noted above, waveguide slot arrays constitute the most desirable option.
Consequently, such an array has been chosen for the SPS. Waveguide slot arrays offer
high efficiency, uniform illumination, and are fairly lightweight. Bandwidths of such
arrays are narrow, typically 1/2-2%. Although this does not directly impact the SPS, -
which transmits power at a single frequency of 2.45 GHz, the narrow bandwidth does
constrain the thermal and mechanical tolerances of the antenna.

2.0 SLOTTED WAVEGUIDE MODULE DESIGH VERIFICATION
2.1 EXPERIMENTAL PROGRAM

The purpose of this program is to better define the electronic aspects of
an SPS specific waveguide slot array. The specific aims of the program are as follows:

¢ To build a full-scale half-module, 10 stick, array, the design parameters
for which are to be determined by analytical considerations tempered by
experimental data on a single slotted radiating stick.

o To experimentally evaluate the completed :rray with respect to antenna
pattern, impedance and return loss.

o To measure swept transmission ampliitude and phase to provide a data base
for design of a receiving antenna.

2.2 ARRAY CONFIGURATION

The first step in module design is to fix the gross dimensions, including the
module length and width, and the dimensions of the radiating sticks and the feed wave-
guide. Because the feedguide is a standing wave device in which the coupling slots must
be spaced by Ag/Z, where 3g is the guide wavelength, and because xq is a function of
waveguide width, the radiating stick and feedguide dimensions are not independent.

The SPS baseline design calls for a half-module of ten 1.6 m long sticks of
6 cm x 9 cm cross-section. For these dimensions, at the SPS frequency, the feedguide
dimensions are also 6 cm x 9 cm. To assess the desirability of the baseline cenfigura-
tion, the ohmic losses of several alternative configqurations of eaual area wWerc calcu-
lated. The I2R losses for these are plotted in Figure 1 as functions of radiating stick
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in the loss curve is quite shaltlow. Also, the values of the minima do not appear to be
very configurationally sensitive. On the other hand, it was determined in the course
of this study that end-feeding of the feedguide may afford somewnat lower loss than
expected of the baseline configuration which utilizes center-teeding.

Based on the above considerations, it was decided to configure the experimental
module according to the baseline design. The commercially manufactured waveguide which
most nearly approximates the baseline guide, is WR-340, with dimensions of 4.32 x 8.64 cm.
Because this was not available in sufficient quantity, WR-284 waveguide was used instead
for the developmental module. Because this waveguide is narrower than the baseline, and
because it would be used for both the radiating sticks and the feedguide, the design -
frequency of the developmental module was increased from 2.45 GHz to 2.86 GHz. With 6061
Aluminum feedguide, the ohmic losses in the module are expected to be less than 1%.

2.3 WAVEGUIDE STICK DESIGN

The design of the waveguide stick entails the assignment of values to both the
slot offset from the waveguide centerline and the slot length. The slot length, 2 , is
chosen so that the slot is reconant at the design frequency. The slot offset is chosen
to give the desired slot conductance. This is determined by impedance matching considera-
tions. Thus, for a waveguide stick containing N identical shunt slots, the desired value
of normalized slot conductance, g, is just g = 1/N. :

For a single isolated stick, the choice of slot length and slot offset is
relatively straightforward. The slot length is given to good approximation by
2 = Xo/2, where Ag is the free-space wavelength. The conductance and slot offset are
related to sufficient accuracy by a well known equation.

Tentative radiator stick dimensions in WR-284 waveguide are:

Slot Spacing 3.0 inch Slot Offset .187 inch
Slot Length 1.98 inch Stot Normalized .055
Slot Width .125 1inch Conductance

. Number of Slots 18 or 20

Where several sticks are placed in close proximity, however, as they are in tf
SPS module, the design problem is exacerbated by mutual coupling between the sticks. Tk
is, the slots in any particular stick are now loaded by the slots in the neighboring stic
and will necessarily exhibit resonant frequencies and conductances which differ signifi-
cantly from those predicted by single stick equations.

The changes in stick behavior due to mutual coupling effects are shown in Figure
2. Here, both the resonant frequency and the reflection coefficient of a single stick at
resonance change noticeably in the presence of a second stick. A theoretical analysis
of this problem, based on an adaptation of a mutual coupling analysis for an array of
dipoles (L. Stark, Radio Science 1, 361, 1966) is shown in Figure 3. As might be expected,
the effects converge rather rapidly, suggesting that a particular slot does not interact
to any significant extent with other slots that are more distant than third or fourth
neighhors. Figure 3 also shows that mutual coupling effects ars also present between
neighboring slots of a single stick.

Because of the mutual coupling problem, the choice of slot length and offset
has been pursued in an iterative manner beginning from the single stick analytical values.
Data for several ijterations with two waveguide sticks, are shown in Table 1. Because the
slot ofisets, once machined, are fixed, stick impedance in these data was varied by
changing the number of slots by the means of a sliding short in the waveguide. Adjacent
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sticks were fed in-phase using home built four-hole directional couplers machined in
one end of each stick, permitting swept return-loss/coupling measurements without
interference by guide flanges.

2.4 FEED GUIDE DESIGN

The radiating waveguide sticks are fed in-phase by a feed waveguide whose axis
is perpendicular to those of the radiating sticks. Like the radiating sticks, the feed-
guide supports a standing wave. The power is coupled from the feedguide to each radiating
stick through a resonant (length - ro/2) coupling slot which is inclined to the feedguide
axis. The transformed radiating stick impedance seen by the feedguide is proportional to
sin 26, where 8 is the inclination angle. The phase of the power coupled to the stick is
inverted as the cnupling slot is reflected in the feedguide axis. For maximum power trans-
fer to the 10 radiating sticks, each stick must present an impedance to the feedguide of
one-tenth the feedguide characteristic impedance. This. dictates a rather small coupling
slot inclination of about 7°. To maintain proper phasing of the radiating sticks, the
coupling slots are alternately reflected in the feedguide-axis.

Tentative fead stick dimensions in WR-284 6061 aluminum waveguides for the
1/2-module are:

Slot Spacing 3.0 inch Slot Normalized Resistance .10
Slot Length 2.0 inch Slot Number 10.
Slot Width .125 inch
Slot Offset Angle 7.

3.0 RECEIVING TECHNIQUES EVALUATION

The receiving antenna receives a pilot signal from earth with phase information
to keep all modules in-phase. Symmetry considerations argue for the pilot signal to origi-
nate from the center of the SPS earth receiving array. Ionospheric phase shift and Faraday
rotation call for the pilot signal to be centered on the SPS power frequency with the phase
information in symmetrically disposed sidebands. The purposes of the receiving techniques
evaluation were to:

o Conduct a shared antenna versus separate receiving antenna analysis to deter-
mine feasible pilot beam budget and receiving antenna constraints due to power
module.

0 Design and select a pilot-beam receiving antenna technique: compatible with a
power beam array which must allow simultaneous transmission of an S-Band
carrier and reception of the anticipated pilot-beam spread-spectrum signal.

The pilot beam 1ink analysis established that very small low gain pilot receiv-
ing antenna elements imbedded in the transmitting array are significantly superior to
any scheme of diplexing, because: (1) The total system power losses are two orders of
magnitude Tower with a separate antenna than with any state-of-the-art diplexing device;

- (2) The small antenna, due to its inherent broad bandwidth, is fully compatible with a

spread spectrum signal; whereas the transmit array is not, (3) The small, lTow gain
antenna represents a much Jower development risk than a diplexing device.

Also from the pilot beam link analysis, formalisms have evolved from which to
determine values of pilot transmitter power and antenna aperture, as well as pilot receiv~
ing antenna aperture. The transmitter power and aperture depend foremost upon the requis-
ite pilot link effective radiated power, ERF. The ERP, in turn, depends upen the signal-
to-noise requirement of the pilot link receiver; and hence, the noise enviromment in which
the receiving system must operate. Consequently, the ERP requirements were found to be

extremely sensitive to the cut-off frequency of a required receiver [.F. notch filter.




The relationship between transmitting antenna diameter and system power loss
(efficiency) is shown in Figure 4. This relationship is not monotonic due to the fact
that increasing the antenna diameter produces two opposing effects. It reduces the
amount of p1lot transmitter power required to produce the requisite ERP, while simul-
taneously increasing the degree of rectenna blockage. At low diameters, the transmitter
power effect dominates, and the loss decreases with increasing d1ameter, whereas, at
larger diameters, rectenna blockage becomes most important, and the system loss increases
with increasing diameter. Thus, for a particular ERP, there is a rather limited set of
pilot transmitter power/aperture combinations which gives minimum system loss.

The relationship between system losses and pilot-link receiving aperture is shown
in Figure 5. For small apertures, an increase in aperture reduces system losses due to a
decrease in thc¢ required ERP., At-large apertures, the system losses increase with increas-
ing aperture, due to receiving antenna blockage of the spacetenna. The specific nature of
this relationship depends on the required signal-to-noise ratio, S/N, in the pilot receiver
and also on the bandwidth, fc, of the intermediate frequency notch-filter. As S/N 1s
increased, the pilot ERP must increase, and so also must the system losses. As f
decreased, more of the power transmitter noise spectrum is passed by the receiver I F
This increase in noise must be overcome by an increase in pilot link transmitter power.

As shown in Figure 5, the optimum receiving aperture, under any foreseeable
conditions, is quite small. Consequently, the pilot-link receiving antenna requirement
can be satisfied by a simple dipole or slot antenna. Adaptations of these to the SPS
array are shown in Figure 6. The slot antenna is inserted in a notch cut in the outer
portion of adjacent waveguide narrow walls. The dipole is positioned at a distance
Ao/4 above the array by a small rigid coax feed, which like the slot, is slipped through
a hole in the waveguide walls. These antennas may be dimensioned either to be resonant
or non-resonant. The aperture of the resonant structure is larger, but so also is the
effect on the impedance of the neighboring transmitting-antenna radiating slots. To the
extent that the lower aperture can be tolerated, the non-resonant structure is preferred.

An important consideration in the pilot link design is the isolation of the
pilot receiver from noise inherent to the high-power down-1ink signal. With the di-
pole, isolation can be improved by rotating the antenna so that it is cross-polarized
to the power transmitting antenna. An alternate noise-cancelling scheme utilizes two
dipoles per receiving antenna, 4s shown in Figure 6. These are separated by Ap/4 and
can therefore be connected to pass, as would a directional coupler, radiation coming
from the earth, while rejecting that which is earthbound.

One of the candidate receiving antennas in Figure 6, the slot, or "credit-
card" receiving antenna, has been built and sweep-tested. It consists of a
1.75" x .062" teflon-glass microcircuit board shorted around three edges to form a
low-impedance waveguide cavity.

4.0 ANTENNA EFFICIENCY IIEASUREMENTS

The antenna pattern will be measured on one of the six antenna ranges at Boeing.
Besides observing the far-field rule R > 2D2/x > 180 ft. » high paths and sharp-beam range
i1luminators will be employed to minimize multipath errors For the ranges at the Boeing
Deve]opmenta] Center, mu1t1path errors at beam-center are estimated to be well under
.1 db. Gain is measured using a Scientific Atlanta SA-1740 Precision Amplifier-Receiver,
and SA-12-1/70 Standard gain horn. Measurement accuracies are estimated as follows:
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Standard-gain Horn (A gain) + .2 db
Match + .2 db
Switch mismatch differences +.24db
between twe positions
Receiver/mixer linearity +.2db
Total RSS Value "¥ .4 db or + 9% in power

By hardwiring the SPS array to the standard gain horn, with their beams pointed near
90% apart to avoid crossta]k the rf switch and its inherent uncertainty can be elimi-
nated.

The antenna efficiency is obtained from. the experimental measurement of ga1n,
with respect to a reference horn, and d1rect1v1ty, D'“ Since the directivity is the gain
of a lossless antenna, the ratio of these values répresents the efficiency of the antennc
The gain is obtained from the measured value of incremental ga1n above a calibrated stanc
ard horn. The directivity is expressed as the ratio of the maximum radiation intensity,
Unax to the average radiation intensity U, which is given by U = 1/4x''U(8,0)de.

The directivity measurement is carried out separately by rotating the antenna
continuously through selected azimuth and elevation angles and integrating the far field
contributions over a solid sphere, thus obtaining the directivity with reference to an
isotropic radiator as D = Upax/U.

The efficiency is obtained from the ratio of two separately measured experi-
mental values, n = G/D. With currently available antenna range accuracy, this measure-
ment is typically determined to + .4 db accuracy. The resulting efficiency value will
give an indication of ohmic losses in the waveguide feed system and in the radiating
sticks. In the SPS baseline design, this loss is estimated to be less than 0.1 db, and
the antenna range measurement will thus provide a crude verification only.

TABLE: 1 ITERATIVE DESIGHN PROCELURE FOR RADIATING STICK PARAMETERS

N0, OF stoTs!
STICK FOR BEST MATCH spor3 sLoT
bR COMMENT
2 OFFSET | LENGTH
LE STICK NEIGBOR
1 22
20 .18" 2.04* RESONANCE @ 2200 Mz
| 204 SLOT 700 LG
2 RESORACE @ 2880
16 14 .20* 1.94% SLOT T0O SHORT iz
3 T00 MUCH CONDUCTANCE PER SLOT
18 16 "
-187 1.98" RESONANCE AT 2875MHz
4 18
18 180" | 2 gon EXPECT 2860 MHzd
1. SLIDING SHORT MEASURENENT: VSWR AT RESONANCE<1.1
2. nmamwucmrsrmxsnasuxoronwmonwwzMUWALcmwunssnsm
3. AFFECTS PRIMARILY SLOT CONDUCTANCE
4,

OESIRER FREGUENCY FOR FEED GUIDE TO BE ICENTICAL 10 RADIATING STICK GUIDE (WRr240)
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1. MODIFICATION OF STARK'S DIPOLE EXPRESSION TO SLOTS

Figure 3: Estiniare of Mutual Coupling in SP5 Slotted Waveguide Array
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The fundamental theory of MW antenna operation and basic array technoiogy
development status was used in the design of the 1-km diameter 5-Gw SPS
microwave antenna. However, the aperture size and the high efficiency
requirements make the MW antenna extremely complex. Studies have shown
that the slotted waveguide array is one of the most efficient radiators
for the antenna. Subsequent analyses have shown that the temperature
irierface between waveguides and dc-RF conversion tubes can cause severe
thermal design problems on the array. An alternate design, the Resonant
Cavity Radiator, is .described here.

RADIATING ELEMENT DESIGN

INTRODUCTION

Basic RCR Principle

Conventional waveguide designs such as the TE] mode waveguide slotted
array make tube installation fairly complex. 90 solve the resultant
temperature interface problem and possibly increase the RF efficiency of
the radiator, Rockwell developed the resonant cavity radiator (RCR). The
RCR is a resonant cavity box excited with the TE __ mode. Physically,

the RCR is a conventional standing waveguide radT8tor with the common
walls removed. The RCR has three significant potentials. They are:

1. Improvement in efficiency.

2. Lighter weight.

3. Simpler structure which allows the RCR to be
integrated with the RF tube to alleviate the
thermal interface probiem.

RCR Theoretical Attenuation Estimates

The loss mechanisms of the RCR can be bes™ explained by comparison to
conventional arrays. The typical flat plate antenna array is formed by
placing side-by-side several sections of rectangular waveguide as shown
in Figure 1.

75 % '
o < |
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s ‘4
z 207
& 2

Figure 1. Typical TE]O SWR Array
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The mode that propagates down each waveguide is the dominant TE,,.
The mode designation simply describes a particular e1ectric-maglgtic
field configuration that satisfies Maxwell's equations. A portion

of the top wall in waveguide No. 2 in Figure 1 is cut away to show
the current flowing in the side wall. Not shown is the adjacent
currents flouing in waveguide No. 1. These currents (waveguide No. 1)
are flowing in the opposite direction and because the system is
symmetrical, they are of equal magnitude. If the side walls are
removed as in the RCR, these two equal and opposite currents cancel.
Since conduction losses are simply I2R losses, any reduction in sur-
fdace currents will make the antenna array more efficient. '

The closed-form analytical expression for conduction losses for a
silver-plated RCR supporting the TEm,o modes is given as:

_2.8738 %1070 |, 2 m?| a8

% 3 a 2a | meter (1)
\/ mA ;
bV1 -('Z-a-)

For an "a" dimension of 4.460 inches and a "b" dimension of 2.130
inches (11.319 cm by 5.40 cin) the loss calculated from the above :
equation is tabulated in Table 1. This shows that for a typica] |
array length of 2.5 meters, a TE,, RCR has the potential of sav1ng ’
4.3 x 106 watts of power. Wewghl savings in the MW antenna is
achieved by two design features: (1) the RCR is designed with

no side walls with the exception of the cavity walls, and (2) it can
be designed to be structurally integrated with a magnetron or k1ystron
heat dissipator because of the simplicity of the structure.

2.3 Typical Integration Between RCR and Tube é

Figure 2 shows a typical anode heat radiator integrated with :he RCR
bottom. The area required for heat dissipation computed by Rockwell
indicates that the RCR has more than sufficient area to dissipate
the excess heat. In the aperture high-density area, only 0.76 per-
cent of the total RCR area is required to replace a 48-cm magnetron
anode. The RCR bottom wall can be constructed of pyrolytic graphic
composite, or equivalent, and plated for high RF conduction. - The
plating technique of pyrolytic graphite to operate at extremely high
temperatures should be investigated in future studies. The potential !
weight savings of the RCR is then the removal of the side walls and “
the weight reduction achieved by incorpcrating heat dissipation in the
waveguide bottom wall. The integrated assembly also provides techniques
for solving the high-temperature interface problem. It should be noted
that the RCR may offer other advantages for ease of maintenance and
assembly.
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Table 1: Theoretical Power Saving of RCR Over Conventional
Standing Wave TE10 Slotted Arrays .

Loss Differential Power Savings

Mode (ac) dB/Meter for 2.5m (dB) - 5-GW/Base

3
TE, o 8.068 x 10 -

TE, o 7.193 x 1073 .00218 2.51 x 108
TE; o 6.901 x 10°3 ,00291 3.35 x 100
TE, o 6.755 x 1073 .00328 3.77 x 10°
TEg g 6.668 x 10”2 .00350 4.02 x 10°
TEg o 6.609 x 10°° .00364 4.19 x 10°

TE, o 6.567 x 1073 .00375 4.3 x 10°
TEg 6.530 x 1073 .003845 4.42 x 10°
TEg o 6.490 x 10”3 .00394 4.53 x 10°
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Figure 2. Magnetron Modified Heat Sink (Input-Output Connections
May be Different)
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Measurement Results

One of the primary uncertainties with the RCR is the suppression of
higher order modes. One of the easiest ways of detecting higher order
mode existence is by observing radiation patterns. Higher order modes
will collimate in off-boresight locations, causing null filling and
higher sidelobes. Rockwell developed special feed techniques which
led to the reduction of higher order modes. To prove the technique
does suppress higher order modes, scaled tests were conducted. A
TEyg RCR shown in Figure 3 was fabricated and tested with results
shown in Figures 4 and 5. The RCR was uniformly excited for -13 dB
peak sidelobe level. Measured sidelobe levels in the E and H planes
were -13 dB for good correlation. Off-axis patterns also were taken
at predicted higher order mode locations. No existence of higher
order mode propagation was found. These tests were performed on a
limited scale; however, it definitely proves that the RCR has a
potential for a major breakthrough in array technology. Efficiency
verification tests will be performed by Rockwell to verify theoretical
predictions.

SUBARRAY DESIGN

o ama s

Rockwell's design of the MPTS transmit array consists of 6993 subarrays,
each 10 meters square. The optimum size of the subarray is a function

of the electronic scanning range of the antenna. A small subarray allows
more electronic scanning range: however, the total number of electronic
scanning circuits increases with the increased number of subarrays. With
a subarray larger than 10 meters square, the pointing requirements of the
subarray is extremely tight, therefore undesirable. The baseline subarray
size of 10m by 10m requires the subarray to be pointed to within + 1 arc
minutes for less than 0.5-percent loss. Typical power plots in dB and
percent of the subarray is shown in Figures 6 and 7. A typical subarray
may consist of 20 to 50 RCR's, depending on the power density of the f
subarray. :
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Figure 3.

Experimental RCR
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TUBE SUBARRAY INSTALLATIONS

One of the prime advantages of the RCR is its adaptability to numerous
magnetron or klystron tube installations. Rockwell has studies various
tube/RCR integrated and non-integrated concepts to determine potential
solutions to the weight and high-temperature interface problem. Figures
8 through 11 illustrate various magnetron and klystron mounting techniques
to the RCR. Figure 8 which shows magnetron mounting, illustrates the
configuration where the back face of the RCR is integral to the magnetron.
It should be recognized that these techniques are advanced and unproven;
however, it offers the MPTS antenna designer alternative installation
concepts. The simplicity of the RCR for maintenance also is shown in
Figure 8. The RCR modes for various installation concepts will vary as

a function of the power density or structural integrity. In the low
density areas such as shown in Figure 9, a TE 8 RCR may be used. In

the higher density areas of the array a TE3g & R can be used. The
interconnecting feed lines of the RCR as shown in Figures 9 threough 11
represent implementation of the old version of Rockwell's phased array
retrodirective network. Separate pilot and reference pick-up antennas

are used in the new phase control system, similar to the one described

in connection with the solid-state concepts.

-

Figure 8. RCR Element Maintenance
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SPS ANTENNA ELEMENT EVALUATION . N82-12557

The SPS transmitting aray requires an architecture which will prowide
zight, high efficiency and high structural rigidity. Several candid:te ante: "} configu-
ations include the parabolic dish, the parabolic cylincer, the lens and the ™.cguide slc-
' As discussed below, the waveqguide slot array is preferred over the of:her options.

Parabolic dishes are widely used on earth. For SPS application, they could be
.adily -1aid up in six-foot diameters with lightweight graphite-epoxy materials. On
e other hand, the area efficiency of such an array is relatively low. Moreover, a
ero spillover feed configuration is not presently apparent.

An array offparabolic cylinders with line-source feeds could give better area
¢fficiency than an array of dishes, but would suffer fros feed blockage.

1.0

e £

A lens, using lightweight waveguide structures, with zero blockage benhind-the-
lens feedhorns can have high efficiency and little spillover, but the SPS center-to-edge
illumination tapers would give a spatial "lumpiness" which would produce undesirable

grating lobes in the far-field pattern.

As notad above, waveguide slot arrays constitute the most desirable option.
(onsequently, such an array has been chosen for the SPS. Waveguide slot arrays offer
nigh efficiency, uniform illumiration, and are fairly lightweight. Bandwidths of such
arrays are narrow, typically 1/2-2%. Although this does not directly impact the SPS,
which transmits power at a single frequency of 2.45 GHz, the narrow bandwidth does
constrain the thermal and mechanical tolerances of the antenna.

2.0 SLOTTED WAVEGUIDE MODULE DESIGH VERIFICATION ORIGINAL PAGE W@/
OF POOR QUALITY

2.1 EXPERIMENTAL PROGRAM

The purpose of this program is to better define the electronic aspects of
an SPS specitic waveguide slot array. The specific aims of the program are as follows:

To build a fuii-scale half-module, 10 stick, array, the design parameters
for which are to be determined by analytical considerations tempered by
experimental data on a single slotted radiating stick.

0

To experimentally evaluate the completed array with respect to antenra
pattern, impedance and return loss.

To measure swept transmission amplitude aid phase to provide a data base
for design of a receiving antenna.

2.2 ARRAY CONFIGURATION

The first step in module design is to fix the gross dimensions, including the
module length and width, and the dimensions of the radiating sticks and the feed wave-
guide. Because the feedguide is a standing wave device in which the coupiing slots must
be spaced by rq/2, where Ay is the guide wavelength, and because Ag is a function of
waveguide widtg, the radiating stick and feedguide dimensions are not independent.

The SPS baseline design calls for a half-module of ten 1.6 m long sticks of
6_cm x & cm cross-section. For these dimensions, at the SPS freqguency, the feedguide
d}mensions are also 6 cin x 9 cm. To assess the desirability of the baseline configura-
tion, the ohmic losses of several alternative configurations of equal area were calcu-
lated. The IZR losses for these are plotted in Figure 1 as functions of radiating stick
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sticks were fed in-phase using home built four-hole directional couplers machined in
one end of each stick, permitting swep? return-loss/coupling measurements without
interference by guide flanges.

2.4 FEED GUIDE DESIGH!

The radiating waveguide sticks are fed in-phase by a feed waveguide whose axis
is perpendicular to those of the radiating sticks. Like the radiating sticks, the feed-
guide supports a standing wave. The power is coupled from the feedguide to each radiating
stick through a resonant (length - xo/2) coupling slot which is inclined to the feedauide
axis. The transformed radiating stick impedance seen by the feedguide is proportiuvnal to
sin 29, where 9 is the inclination angle. The phase of the power coupled to the $tick is
inverted as the coupling slot is reflected in the feedguide axis. For maximum power trans-
Ter to the 10 radiating sticks, each stick must present an impedance to the feedguide of
one-tenth the feedguide characteristic impedance. This dictates a rather small coupling
slot inclination of about 7°. To maintain proper phasing of the radiating sticks, the
coupling slots are alternately reflected in the feedguide axis.

Tentative feed stick dimensions in WR-284 6061 aluminum waveguides for the
1/2-module are:

Slot Spacing 3.0 inch Slot Normalized Resistance .10
Slot Length 2.0 inch Slot Number 10.
Slot Width .125 inch
Slot Offset Angle 7.

3.0 RECEIVING TECHNIQUES EVALUATION

The receiving antenna receives a pilot signal from earth with phase information
to keep all modules in-phase. Symmetry considerations argue for the pilot signal to origi-
nate from the center of the SPS earth receiving array. Ionospheric phase shift and Faracay
rotation call for the pilot signal to be centered on the SPS power frequency with the pnase
information in symmetrically disposed sidebands. The purposes of the receiving techniques
evaluation were to:

o Conduct a shared antenna versus separate receiving antenna analysis to deter-
mine feasible piiot beam budget and receiving antenna constraints due to pover
module.

o Design and select a pilot-beam receiving antenna techniques compatible with a
power beam array which must allow simultaneous transmission of an S-Band
carrier and reception of the anticipated pilot-beam spread-spectrum signal.

The pilot beam link analysis established that very small low gain pilot receiv-
ing antenna elements imbedded in the transmitting array are significantly superior to
any scheme of diplexing, because: (1) The total system power losses are two orders of
magnitude lower with a separate antenna than with any state-of-the-art diplexing device;
(2? The small antenna, due to its inherent broad bandwidth, is fully compatible with a
spread spectrum signal; whereas the transmit array is not, (3) The small, low gain
antenna represents a much lower development risk than a diplexing device.

Also from the pilot beam link analysis, formalisms have evolved from which to
determine values of pilot transmitter power and antenna aperture, as well as pilot receiv-
ing antenna aperture. The transmitter power and aperture depend foremost upon the requis-
ite pilot link effective radiated power, ERP. The ERP, in turn, depends upon the signal-
to-noise requirement of the pilot 1ink receiver; and hence, tha noise environment in wnich
the receiving system must operate. Consequently, the ERP requirements were found to be

- extremely sensitive to the cut-off frequency of a required receiver I.F. notch filter,

|  MISSING
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The relationship between transmitting antenna diameter and system power 10sS
(efficiency) is shown in Figure 4. This relationship is not monotonic due to the fact
that increasing the antenna diameter produces . two opposing effects. It rediuces the
amount of piiot transmitter power required to produce the requisite ERP, while simul-
taneousiy increasing the degree of rectenna blockage. At low diameters, the transmitter
power effect dominates, and the loss decreases with increasing dianeter; whereas, at
larger diameters, rectenna blockage becomes most important, and the system loss increases
with increasing diameter. Thus, for a particular ERP, there is a rather limited set of
pilot transmitter power/aperture combinations which gives minimum system loss.

The relationship between system losses and pilot-link receiving aperture is shown
in Figure 5. For small apertures, an increase in aperture reduces system losses due to a
decrease in the required ERF. At large apertures, the system losses increase with increas-
ing aperture, due to receiving sntenna blockage of the spacetenna. The specific nature of
this relationship depends on the required signal-to-noise ratio, S/N, in the pilot receiver
and also on the bandwidth, fc, of the intermediate frequency notch-filter. As S/N is
increased, the pilot ERP must increase, and so also must the system losses. As f. is
decreased, more of the power transmitter noise spectrum is passed by the receiver I.F.
This increase in noise must be overcome by an increase inpilot link transmitter power.

As shown in Figure 5, the optimum receiving aperture, under any foreseeable
conditions, is quite small. Consequently, the pilot-link receiving antenna requirement
can be satisfied by a simple dipole or slot antenna. Adaptations of these to the SPS
array are shown in Figure 6. The slot antenna is inserted in a notch cut in the outer
portion of adjacent waveguide narrow walls. The dipole is positioned at a distance
%o/4 above the array by a small rigid cnax feed, which like the slot, is siipped through
& hole in the waveguide walls. These antennas may be dimensioned either to be resonant
¢r non-resonant. The aperture of the resonant structure is larger, but so also is the
effect on the impedance of the neighboring transmitting-antenna radiating slots. To the
extent that the lower aperture can be tolerated, the non-resonant structure is preferred.

An important consideration in the pilot link design is the isolation of the
pilot receiver from noise inherent to the high-power down-link signal. With the di-
pole, isolation can be improved by rotating the antenna so that it is cross-polarized
to the power transmitting antenna. An alternate noise-cancelling scheme utilizes two
dipcies per receiving antenna, as shown in Figure 6. These are separated by Ao/4 and
can therefore be connected to pass, as would a directional coupler, radiation coming
from the earth, while rejecting that which is earthbound.

One of the candidate receiving antennas in Figure 6, the slot, or "credit-
card" receiving antenna, has been built and sweep-tested. It consists of a
1.75" x .062" teflon-glass microcircuit board shorted around three edges to form a
low-impedance waveguide cavity.

4.0 ANTENNA EFFICIENCY 'EASUREMENTS

The antenna pattern will be measured on one of the six antenna ranges at Boeing.
Besides observing the far-field rule R > 2D2/x > 180 ft., high paths and sharp-beam range
illuminators will be employed to minimize multipath errors. For the ranges at the Boeing
Developmental Center, multipath errors at beam-center are estimated to be well under
+ .1 db. Gain is measured using a Scientific Atlanta SA-1740 Precision Amplifier-Receiver,
and SA-12-1/70 Standard gain horn. Measurement accuracies are estimated as follows:

(e
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Standard-gain Horn (A gain) +.2db
Match +.2db
Switch mismatch differences +.24db
between two positions
Receiver/mixer linearity +.24db
Total RSS Value "#+.4db or + 9% in power

By hardwiring the SPS array to the standard gain horn, with their beams pointed near
90% apart to avoid crosstalk, the rf switch and its inherent uncertainty can be elimi-
nated. .

The antenna efficiency is obtained from the experimental measu~ment of gain, G,
with respect to a reference horn, and directivity, D. Since the directivity is the gain
of a lossless antenna, the ratio of these values represents the efficiency of the antenna.
The gain is obtained from the measured value of incremental gain above a calibrated stand-
ard horn. The directivity is expressed as the ratio of the maximum radiation intensity,
Unax to the average radiation intensity U, which is given by U = 1/4r/7u(0,0)do.

The directivity measurement is carried out separately by rotating the antenna
continuously through selected azimuth and elevation angles and integrating the far field
contributions over a solid sphere, thus obtaining the directivity with reference to an
isotropic radiator as D = Upay/U.

The efficiency is obtained from the ratio of two separately measured experi-
mental values, n = G/D. With currently available antenna range accuracy, this measure-
ment is typically determined to + .4 db accuracy. The resulting eff1c1ency value will
give an indication of ohmic losses in the wavegu1de feed system and in the radiating
sticks. In the SPS baseline design, this loss is estimated to be less than 0.1 db, and
the antenna range measurement will thus provide a crude verification only.

TABLE: I  ITERATIVE DESIGN PROCELURE FOR RADIATING STICK PARAMETERS
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METHOD FOR PRECISICN FORMING OF LOW-COST, THIN-WALLED SLOTTED WAVEGUIDE
ARRAYS FOR THE SPS

Willirm C. Brown
Raytheon Company
New Products Center
Waltham, Massachusetts 02154

Presented at the RADIATING ELEMENTS SESSION OF THE SPS MICROWAVE SYSTEMS WORKSHOP
January 15-18, 1980, Lyndon B. Johnson Space Center, Houston, Texas

v ' been constructed with temporary tools and evaluated.
discussed,

Introduction

’> The method for forming thin-walled slotted
waveguide. arrays that will be described grew out of a
necessity to narrow down the broad range of estimated
cost for slotted waveguide arrays in ground based
arrays. In most items that are designed for automated
production the cost of the material is the dominant
element of cost. Therefore the use of thin material is
attractive because of the large reduction in material
cost. Then, if a rapid, inexpensive method of
fabrication can be devised, the cost of the slotted
waveguide arrays will be low and can be accurately
estimated.

Such a fabrication method had been devised in
principle by the author. An opportunity then arose
to build working models of the design as puart of a
contract with JPL for the improvement of microwave
beamed power technology, using a slight modification
of their electrical design for such an array.

The working models that were made from
0.020 inch material were mechanically so strong and
the fabrication technique 30 well adapted to even

A method for the precision-forming of thin-walled, slotted-waveguide arrays has been devised.
The application of the method to the SPS requirements is

ABSTRACT

Models have

thinner material that the potential for a slotted wave-
guide array made from 0.005 inch or even thinner
material for the SPS applications is very guod.

Early estimates of the mass of a slotted waveguide
array for the 1 kilometer diameter transmitting antenna
for the SPS were based on the use of 0.020 inch thick
aluminum material and these estimates may still persist
and show up in current estimates of mass for the SPS.
An array based on the use of 0.005 inch maierial ig
place of the 0.020 inch would save nearly 2.5 x 10
kilograms of material. Savings in transportation costs
alone would be 250 million dollars if transportation
costs were only $100 per lilogram.

The fabrication of thin-walled guides can also be
accomplished with great precision. Tolerances of
*2-3 mils should be possible.

Finally it appears, as shown in Figure 1, that the
arrays can be relatively easily fabricated in space
from rolls of aluminum foil which represents an ideal
packing factor for transportation purposes.
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Figure 1.
Arrays for the SPS.
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Description of Fabrication Method

The slotted waveguide array as shown in Figure 1
consists basically of a folded top plate whose
corrugations contribute the three sides of the wave-
guide and a bottom plate into which the radiating slots
are punched. The two sections then flow together and
are joined to each other either by resistance spot
welding or by laser beam welding to form the finished
assembly shown in Figure 2.

Figure 2.

Finished Assembly.

The holes which ure punched into the material
are spaced accurately from each other and serve to
accurately locate the material in the bending fixture
which is also accurately machined and ground. The
holes also serve to jig the top and bottom halves to
each other for accurate assembly.

The method as originally proposed by the author
utilized a third piece in the assembly that joined the
top and bottom at their ends. An improvement to
simply eliminate the end plate by the upward fold of
the end of the top and bottom pieces as shown in
Figure 1 is the suggestion of R.M. Dickinson.

It is possible that the broad faces of the wave-
guide members, both top and bottom, may need some
stiffening to avoid bending and "oil canning". The
thin flat channels that are proposed to house the phase
and amplitude references and auxiliary power lines
perform this function on the slotted surface. The
unslotted surfaces could be embossed to stiffen them.

The individual slotted waveguides in the array
re fed from a feed waveguide shown in Figure 3 as
e transverse waveguide. Transfer of energy is

tiade through diagonal slots between the feed wave-
guide and radiating waveguides. The feed
waveguide is attached to the array by means of pop
rivets,

Construction and Evaluation

Two 8 x 8 (8 slots in 8 waveguides) arrays were
constructed from 0,020 inch aluminum with the use of
temporary tooling of a simple nature. The } inch
separation between waveguides that is necessary in
the forming process and which have become attractive
as a region in which to mount solid state devices and
through which to run cables made it necessary to
adjust the dimensiona! specifications of the JPL design
which was designed for a different fabrication method.

The slotted face plate, folded waveguide section,
and the end channels were assembled to each other
by spot welding. Back and front view of the
finished assembly are shown in Figures 3 and 4.

In the absence of any antenna testing range a
method was evolved to test the array by electrically
probing each slot for amplitude and phase, as shown

1 Figure 5. This arrangement gave the phase and

B e e e e L L . -

amplitude information tabulated in Tzble 1. When
readings arcund the outside are disregarded because
of edge effects, the rms phase and amplitude per-
centage deviation of the remaining sections are 6.22°
and 10% respectively. With the outer elements included
the phase deviation is 8.89°,

Figure 3. Back View of the 8 x 8 Slotted Wa. eguide
Array as Constructed from 0.020 Inch Aluminum q.heet
Throughout and Assembled bv Means of Svot Welding.

Figure 4. Front View of the 8 x 8 Slotted Waveguide
Array as Constructed from 0.020 Inch Aluminum
Sheet Throughout and Assenibled by Means of Spot
velding.

Finally ., the antenna range data taken by JPL on
the array that was made for them as a portion of the
contractual work effort for them 1s presented in
Figures 6 and 7.
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Figure 5. Probe Arrangement .or Measuring Phase
and Amplitude of Microwave Power Radiated at
Individual Slots. The Phase and Amplitude Sensed by
the Probe were Compared by Means of a Hewlett-
Packard Network Analyzer with the Amplitude nd
Phase of the Power Input to the Sing.« “aveguide Feed
to the Slotted W .eguide Array.

TABIE I

Matrix Array of Amplitude and Phase Information
on Thin Metal Slotted Array #1

Col
Row ! 2 3 ) 5 i 7 8
1 Phasc | 105 | 100 J1o9 | 110 103 90 93 |105
Amp .53 | .57 [.67 |.70 |.64 J.ol J.62 [.062
2 Phasc| 104 H4 KO 82 91 94 79 90
Amp |60 f.50 |.59 .67 |71 .72 | .59 [.40
3 Phasc] 94 B0 HH 89 B85 &5 94 106
Amp |.45 | .58 .63 |71 |.64 .58 .56 (.56
4 Phasc| 105 79 80 73 80 89 72 94
Amp |.61 ].56 .60 J.73 [.73 ].69 |.065 |.40
5 Phase] 120 Kl BO 76 70 85 H4 |120
Amp |.'0 J.60 J.59 |.72 |.68 |.52 |.58 ].50
8 Phase] 96 80 74 83 92 90 79 91
Amp .08 §.53 .57 ].68 |].72].09 J.60 J.39
7 Phase| 89 73 83 82 50 86 91 J104
Amp |.49 |.60 |.07 .69 | .01 ] .60 J.54 J.55
8 Phasef 100 86 90 93 920 88 160
Amp |.59 | .60 .53 ].063 70 1.57 |.45

Overall array is an 8 x 8 matrix
"Internal" array is a 6 x 6 matrix

Test data obtained by dipole probe placed in front of each
radiating slot,

RMS of phase deviation of internal array is 6.22°,

RMS of phase deviation of overall array is 8.89°,

RMS of amplitude variation of internal array is 0.0628 from a
mean value of 0.627.
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Figure 6.
Waveguide Antenna.

Antenna Pattern for 8-Slot x 8-Stick Slotted
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Figure 7. Antenna Pattern for 8-Slot x 8-Stick Slotted
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CONSIDERATIONS FOR

HIGH ACCURACY RADIATION EFFICIENCY
MEASUREMENTS FOR THE

SOLAR POWER SATELLITE (SPS) SUBARRAYS

D. J.Kozakoff, J. M. Schuchardt and C. E. Ryan

Georgia Institute of Technology
Engineering Experiment Station
Atlanta, Georgia 30332

1NTRODUCTION

The relatively large apertures tc be used in SPS [1], small half-power
beamwidths, and the desire to atcurately quantify antenna performance dictate
the requirement for specialized measurements techniques. The subject matter
presented herein is under investigation as part of a program at Georgila Tech
to address the key issues*,

The objectives of the program include the following:

1) For 10-meter square subarray panels, quantify consideraticaus for

measuring power in the transmit beam and radiation efficsiency
to + 1% (+ 0.04 dB) accuracy .

2) Evaluate measurement performance potential of far-field elevated

and ground reflection ranges and near-field techniques,

3) Identify the state-of~the-art of critical components and/or unique

facilities required.

4) Perform relative cost, complexity and performance tradeoffs for

techniques capable of achieving accuracy objectives.

The precision required by the techniques discussed below are not
obtained by current methods which are capable of + 10Z (+ 0.4 dB) per-
formance. In virtually every area assoc¢iated with these planned
measurements, advances in state-of-the—art are required.

ERROR SOURCES

In general, the RF and physical environment and the zlec¢troniec
instrumentation all contribute to the overall measurement error. Ideally,
the RF source 18 stable in amplitude and frequency, the transnitted wave
arrives at the receiver as a true plane wave free of objectionabln
reflections, and the atmo~pheric effects are negligible., The receiver must
be 1ideal and error free, and the gain antenna reference is accurately known.
In the real world, one wmust deal with the errors which oceur as the
instrumentation departs from the ideal performance listed above.

For SPS subarray antenna pattern measurements, the c¢ritical error
sources have been quantified into four categories shown in Table 1. The
objective of this investigation is controlling these error sources to yield
an overall gain uncertainty of + 0.04 dB. Because of the large size of an
SPS subarray (8l.67-wavelengths at 2.45 GHz), antenna range effects are given

*
Contract NAS8-33605

o~



the largest allowance {n the error budget., The errors alloca~ed to
transmitter/receiver cources require advances in state-of-the-art of
associated microwave electronics, However, even with currently available
equipment, because of single frequency operation, and the fact that receiver
and transmitter are phase-locked and thermally stabilized, errors can be
accurately controlled. Use of a microcomputer will permit error compensation
of such factors as the nonlinearity of receiver and detector,

Controlling the antenna structure for measurement will require
developing a c¢radle assembly that will hold the antenna rigid. Preliminary
weight estimates 1indicate approximately 2.5 tons for a prototype subarray
assembly. Ambient temperature, solar energy and wind effects c¢an be
controlled somewhat by selecting the measurement time period. However, since
several thousand 10-meter apertures may need to be measured during the course
of the SPS program, unique test facilities are anticipated. For instance,
shielding from the adverse external parameters listed above can be achieved
through use of a large dome radome.

Antenna measurements can be made with the test antenna either receiving
or transmitting because of the reciproeity theorem, However, in the case
where the SPS array is transmitting and the goal is to determine power in the
transmit beam via beam integration, unique problems arise, Figure 1
jllustrates one measurement concept being considered.

FAR~FIELD MEASUREMENT CONCEPTS

The predominant error contributors for far-field measurements are 1)
fierld nonuniformity due to ground reflection, 2) gain loss due to quadratic
phase error (near-field effects), and extraneous reflections., The National
Bureau of Standards has investigated error budgets associated with far-fieid
measurements [2]. For SPS, an adopted far-field error subbudget is shown in
Table 2. The large size of an SPS subarray dictates a far—-field e¢riteria of
greater than 6 D2/\ to maintain quadratic phase error loss below 0,01 dB.

Field nonuniformity <¢an be controlled via an elevated range concept
where the receive antenna null is placed at the midpoint reflection point as
depicted in Figure 2, Tradeoff caleculations ind!cate the required tower
heights for zizvated range distances greater than 6 .} 2/\ are not practical,
however, c¢onsideration for a mountain top to mountain top range wi:h an
elevation of 600 feet and a measurement range of 7 miles appears very
attractive.

Consideration was given to use of a ground reflection range facility.
Here, transmit and receive tower heights are selected so that the reflection
from the ground adds in phase to the direct ray path. A negative feature is
that a relatively large range 1s required to obtain a sufficiently flat
amplitude wavefront over the vicinity of the test antenna. Figure 3 relates
the transmit and receive tower heights as a function of range. Under the
constraint of a minimum and maximum tower height of 20 and 100 feet,
respectively, and minimum range of 3 miles based on near-field criteria; the
shaded area indicates regions where satisfactory operation may be obtained.
The <criteria for a sufficiently flat amplitude wavefront over the test zone
is currently under investigation, Initial calculations 1indicate the
performance of a 4-mile pground reflection range with receive and transmit
tower heights of 30 and 70 feet, respectively, provided a wavefront within
0.1 dB over a 1l0-meter zone, but only with use of high efficiency absorber
barricades at the midrange point.
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POSITIONER CONSIDERATIONS

The large weight handling requirement (2.5 tons minimum)*, and small
angular aeccuracy requirements, indicate that the positioner is a potential
problem area based on units currently available. It has been determined that
the positioner must be able to resolve a sample within 0.0016 degrees
corresponding to a 19 bit encoder to resolve the beam power within a + 0,04
dB accuracy.

A survey was made of available antenna positioners, and i8 summarized in
Table 3. The positional accuracy of off-the-shelf positioners is on the
order of 0,005 degrees., Available positioner data indicate positioning of
anything larger than the 10-meter subarray will not be possible based on the
weight projections.

The fractional power 1in the beam based on a uniformly illuminated 10-
meter square aperture is plotted in Figure 4. Here, it is seen that the main
beam (+ 0.312 degrees) encompasses approximately 79 percent of the
transmitted energy.

Based on these results, a concept was devised providing desired scan
performance as 1llustrated in Figure 5. Here, a small angle positiomner
(SMAP) provides very accurate scan capability over a + 1.5 degree sector for
the purpose of beam integration. The larger gimbal arrangement provides
coarse positioning over the c¢omplete + 20 degree sector. Positioner
hardware providing greater angular scan does not currently exist. From the
plot of fractional beam power (Figure &) approximately 89% of the total
radiated power is accounted for within + 1.5° scan; over 992 of the power is
radiated in the + 20 degree sector.

NEAR-FIELD MEASUREMENTS

Near-field techniques utilize a calibrated probe antenna to measure the
amplitude and phase of the field <¢lose to the antenna aperture. Two
orthogonally-polarized probes, or a single linear-polarized probe oriented in
the vertical and horizontal directions are used, together with a probe
compensation technique (8, 9] to obtain the complete radiation character-
isties of the antenna under test (AUT). This measurement procedure requires
an automated faclility c¢apable of reading the measured data in digital form
for the required computer processing. The planar near-field measurement
technique 1is particularly attractive for SPS since the SPS subarray does not
have to be moved during the measurement, i,e, only the pr..be antenna is
moved.

Recent work at Georgia Tech has demonstrated that accurate antenna
patterns c¢an be obtained via near-field techniques [4, 5]. The National
Bureau of Standards has shown that for planar near-field scanning, the near-
field derived patterns are more accurate than far-field measured patterns
when considering all error sources involved [6]. _

Martin Marietta ([3] has implemented an indoor planar near-field
measurements facility capable of measurement of antennas up to 50-foot
diameter, The benefits of this facility include all weather operation, a
thermally controlled environment (maintained within 2°F), and an RF anechoic
environment, RCA has also implemented an indoor planar near-field facility
for acceptance testing of the AN/SPY-1l phased array antenna for the AEGIS
system [10].

*

This weight estimate is based on using either conventional aluminum
waveguide (without klystrons) or ultra-thin aluminum waveguide with
klystrons included.
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Near-field measurements can also be implemented by employing ¢ylindrical
or spherical probe scanning. However, 1in the spherical technique it is
necessary to move the AUT while holding the probe fixed. In the case of SPS,
spherical near-field scanning cannot be used because of the difficulty of
gimbaling the heavy subarray in order to scan over a full sphere., However,
planar and c¢ylindrical scanning concepts are applicable. A planar scan
concept 1is shown in Figure 6 and a cylindrical concept in Figure 7. Either
system has potential to be implemented outdoors, however, the effects of
thermal changes on scanning mechanism and instrumentation and the fact that
an outdoor facility is subject to environmental c¢onditions, makes an indoor
near-field facility far more attractive and practical,

Tradeoff studies at Georgia Tech have suggested that the planar near-
field concept has potential for array measurements of an SPS mechanical
module (30 square meters). Problem aress to be resolved include computer
requirements and the complexity of scanning over a much larger surface with
acceptable precision, A previous study performed by Georgia Tech for NASA
indicated that the <¢ylindrical near—-field technique is attractive for the
measurement of electrically and physically large ground station antennas
(11].

Previous studies at Georgla Tech have considered the cost tradeoffs of
far-field measurements versus a near-field measurement [8, 11]). The results
of these investigations for both 1large phased array and large reflector
antennas demonstrate that <¢osts are less for the near-field facility, and
that the projected measurement accuraey is superior to that which ¢could be
obtained on a high quality far-field antenna measurement range.

However, the c¢apital investment and operating costs of the near-field
facility are functions of the required measurement acc¢uracy. For example 1if
the on-axis antenna gain 1is to be determined to within 0,01 dB, the
measurement probe axial position accuracy must be within 0.1 wavelength, 1i.e.
0,048 1inches for the SPS., Also, the scan width-to-diameter ratio must be at
least 1.5. Thus, this requirement has a direct effect on the mechanical
design of the near-field measurement system.

In order to obtain a complete representation of the antenna pattern from
a planar or c¢ylindrical near-field scan, the field is normally sumpled at 1/2
wavelength intervals along the 1linear scan dimension. If the AUT is
electrically 1large, the required Fourier transform processing can become
burdensome. However, 1t has been shown that the sample spacing c¢an be
increased by almost an order of magnitude if only the main-beam and first
sidelobes are to be defined [4, 11].

In order to obtain accurate polarization information on the antenna
pattern, the polarization c¢haracteristics of the measurement probe must be
carefully characterized over the maximum possible dynamic¢ range. Work at RCA
[7] has also indicated that careful probe polarization design is necessary
too 1f a very acecurate gain determination is required. For instance,
assuning an SPS antenna polarization ratio of 30 dB, a probe polarization
ratio of 20 dB will result in a gain measurements error of approximately 0,25
dB. Thus, a very stringent vequirement 1s placed on probe polarization
ratio; a requirement of 30 dB, or better, is anticipated.

i 9
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CONCLUSIONS

Because of the large electrical size of the SPS subarray panels and the
requirement for high accuracy measurements, specialized measurement
facilities are required. Most critical measurement error sources have beer:
identified for both <¢onventional far-field and near-fieid techniques.
Aithough the adopted error budget requires advances in state-of-the—art of
microwave instrumentation, the requirements appear feasible based on
extrapolation from today's technology.

- Additional performance and <¢ost tradeoffs need to be completed before
the choice of the preferred measurement technique 1is finalized,

REFERENCES
1. “"Solar Power Satellite Concept Development and Evaluation Program,” U.S.
Department of Energy and NASA Report, October 1978,
2. "A¢euracy Considerations in the Measurement of the Power Gain of a Large

Mi¢rowave Antenna,” M. Kanda, 1974 IEEE/AP-S Symposium, Georgia Tech,
Atlanta, June 1974,

3. "Near-Field Pattern Measurement Facility,” C, E. Kirchoff, 1979 Antenna
Applications Symposium, U. of Illinois, September 1979,

4, "Probe Compensated Near-Field Measurements Basic¢ Theory, Numerical
Techniques, Ac¢curacy,” W. M, Leach, Jr., E. B. Joy and D, T, Paris,
IKEE/*%+” Symposium, Georgia Tech, June 1974,

5. "aricesred  Near-Field Measurements to Obtain Far-Field Patterns of
Aper-vre Antennas and Phased Arrays,” H. A, E¢ker, et al, IEEE/AP-S
Symposium, Georgia Tech, June 1974,

6. "Upper Bound Errors in Far-Field Antenna Parameters Determined From
Planar Near-Field Measurements: Part 1-Analysis,” A. D. Kaghjian,
National Bureau of Standards Te¢hnical Note 667, October 1975,

7. "Automated Near-Field Test Set for Phased Array Production,” D. Staiman,
1979 Antenna Applications Symposium, U. of Illinois, September 1979,

8. "Correction of Near-Field Antenna Measurements Made with an Arbitrary
But Known Measuring Antenna,” D. M. Kerns, Elec¢tronies Letters, Vol. 6,
May 1970,

9, "Plane Wave Sc¢attering Matrix Theory of Antenna and Antenna-Antenna

Interaction: Formulation and Application,” D. M. Kerns, Journal of
Research of the Nation Bureau of Standards, Vol. 80B, No. 1, January
1976.

10, "Implimenting a Near-Field Antenna Test Facility,” W. A, Harmening,
Mié¢rowave Journal, Vol. 22, No. 9, September 1979 )

11. "A Study of the Application of Near-Field Measurements for NASA
Requirements,” B, J, Cown, C. E., Ryan, Jr., A. L. Bridges and J. D.
Adams, Final Engineering Report, Contraect NAS5-2234, Georgia Institute
of Technology, March 1976,

i
4
1
]



14

TABLE 1

MEASUREMENTS ERROR BUDGET

ERROR
ERROR SOURCE COMPOHENTS
ANTEWNA RANGE  FIELD UNITGRAITY
QUADRATIC PHASE ERROR

EXTRANEOUS REFLEC-
TIONS

STANDARD GAIN AHTENNA
UNCERTAINTY

ATMOSPHERIC EFFECTS

SPS AHTENNA'
REGIDITY/STABILITY

POSITIONER ERROR

WIND LOADING
THERMAL *

STRUCTURAL/
ENVIRONMENTAL

TRANSMITTER AMPLITUDE STABILITY

FREQUENCY STABILITY

PRECISION ATTENUATOR
UNCERTAINTY

PEFERENCE INPUT PHASE/ .
AMPLITUDE ERRORS

SIGNAL TO NHOISE RATIO
FREQUENCY STABILITY
DYNAMIC RANGE

"RECEIVER

DETECTOR LINEARITY
VSWR

ALLONABLE VALUE
IN EAROR BUDGET

037 oB

.01 o8

401 oB

AN ADEQUATE GAIN STANDARD HAS {07
YET BEEN IDENTIFIED

REFERENCE RECEIVER MUST BE USED TO
NORMALIZE EFFECTS OF ATMOSPHERE

WIND LOADING/THERNAL CAN BE CON-
TROLLED BY RADOME OVER TEST ANTENNA

PHASE LOCKED TECHNIQUES AND TEMPERATURE
STABILIZATION MUST YIELD AMPLITUDE
STABILITY OF 0,007 oB

ATTENUATOR CALIBRATED TG 0,005 oB

S/N RATIO MUST EXCEED 40 oB

THROUGH  ENVIRONMENTAL CONTROL
DETECTOR CALIBRATION CAl EXCEED
0.005 oB

YSWR KEPT BELOW 1,05

TOTAL RSS = .04 oB

{———— ]
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Puss I Q i Bivider |
| Filter | | |
| Mixer | 2.7 Gz 1 '
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5’ :é_ Phase
- Ampl i tude
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Figure 1.

Equipment Configuration

for Antenna }Measurcnents,

Receive Reference Module
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TABLE 2

ANTENNA RANGE MEASUREMENTS
ERROR SUR-BUDGET

ERROR CUMPONENT ALLOWABLE VALUE COMMENTS

Field Uniformity 0.015 dB Maximum amplitude taper at
edge of SPS subarray
approx., 0.04 dB

Quadratic Phase Error 0.010 4B Requires range greater than
6 D2/ '

Standard Gain Antenna 0.020 4B Gain standard needs to be

Uncertainty developed

Atmospheric Effects 0,005 dB Atmospheric effects
cancelled by reference

VSWR 0.005 dB VSWR loss calibrated out

Extraneous Reflections 0.025 dB Extraneous refiections
~57 dB down

RSS Subtotal 0.037 dB

SPS

Antenna N Receive
| direct ray Antenna

XXX

XIX

Figurc 2. Elevated Antenna Range.
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TABLE 3
SUMMARY OF POSITIONER PERFORMANCE
Scientific Maximum Estimated "k
Atlanta Moment Moment Maximum Subarray Wt, Cost
Series (Kft-1b) Arm® (ft) Klbs Tons Elev./Az. | SMAP | Total
85 150 9.5 15.8 7.9 ° $ 440K S400K | $ 840K
45 75 7.5 10 5 $111K $106K $211K

*
Elevation over azimuth plus SMAP configuration. .,

*ik
NOTE:
*

Kk
November 1979 estimates.

the series 85 has a maximum vertical load limit of 25 tons.
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ABSTRACT

The history of the development of the rectenna is first reviewed through its early conceptual and
developmental phases in which the Air Force and Raytheon Company were primarily involved. The intermediate
period of development which involved NASA, Jet Propulsion Laboratory, and Raytheon is then reviewed. Some
selective aspects of the current SPS rectenna development are examined.

Introduction

The chairman of this session believes that the
perspective given by a history of the development of
the rectenna would be of value to thos¢ now beconiing
involved with the application and further development
of the rectenna for the SPS. He has askad me to
present this history because he is aware that | heve
been closely and continucusly involved with the
development of the rectenna since its inception in 1963.

The concept and development of the rectenna
arose in response to the need for a device that could
be attached to a high altitude atmospheric platform and
absorb and rectify microwave power from a microwave
beam pointed at the vehicie. After the initial develop-
ment of the rectenna under Raytheon and Air Force
sponsorship for this purpose the rectenna development
was carried on further and in a different direction by
the author himself. In 1968, NASA became interested
in the rectenna and its development in the context of
transferring power from one space vehicle to another.
This was followed by NASA's interest in the device
for the receiving end of a system that would transfer

electrical power from geosy:chronous orbit {o the earth.

Throughout this time period of 17 years, the
development of the rectenna has been heavily disci-
plined by the various applications for which it has
been considered. The result has been the accumulation
of a large amount ¢ experience which ccvers many
facets of interest, including electrical design and
performance, various physical formats, methods for
accurate efficiency measurement and validation, life
test data, and other items. Its development has also
been characterized by contributions from many individ-
uals whose involvement has been in two different areas,
The first area is related to technical contributions. The
second area is related to sponsorship. The develop-
ment of the rectenna could not have proceeded very
far without the encouragement and support of individ-
uals within and outside the government who have
understood the significance of free space power trans-
mission by microwaves and the relevance of the
rectenna development to this concept.

In presenting this history the author is treating
the early conceptual and developmental phase as an
interaction between many technological forces and
developments, and people, which is the true nature of
history. The history of the intermediate period is
identified with the work supported by MSFC, JPL,
LeRC and that was largely carried out by Raytheon.
It is presented in a more summarized fashion with the

presentation focused on technological improvements and
refinements. A final section is devoted to what might
be considered as teciinological forecasting which is

a projection of the past history combined with the
subjective view of the author as to the impact of

current and future technological and sociological events.

Early History of the Rectenna

The early development of the rectenna must be
examined in the context that its conception and
development grew out of the needs for a satisfactory
receiving terminal for a microwave power transmission
system, In this context wo must take into account
the factors which gave rise to an interest in the
conceri f microwave power transmission itself.

The first serious thought about power transmission
by microwaves grew out of the development of
microwaves for radar in which power was concentrated
in relatively narrow beams as contrasted to the
"broadcast" mode associated with low frequency radio.
However, the element that really gave substance to the
concept and distinguished it from the situation that
existed when Hertz first demonstrated wireless power
transmission with narrow beams using parabolic
reilectors and spark gap generators, were newly
developed electron tubes that could generate relatively
large amounts of power at high efficiencies.

Still, there was no active postwar activity on
microwave power transmission until it became recognized
that with new approaches microwave generators could
be developed to produce levels of CW microwave power
about 100 times greater than from generators then
available.1,2,3 Concurrent with this recognition was
the inference that one of the potential useful
applications of microwave power transmission would be
microwave powered high altitude atmospheric platforms
for communication and surveillance purposes,

This recognition stimulated Raytheon, under the
guidance of Ivan Getting, Vice President for
Engineering, to perform an in-depth study of such a
platform in a helicopter format and to make a proposal
to the Department of Defense in 1959 to develop such
a vehicle,4 The reason why this is important in the
development of the rectenna is that for the first time
it became widely recognized that there was no
efficient means of converting the inicrowave back into
DC or low frequency electrical power at the receiving
end of the system. This stimulated the Air Force to
award several contracts to study this problem. One
of these investigations that was to become a key ele-
ment in the development of the rectenna was awarded
to Purdue University and involved the use of
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semiconductor diodes as power reclifiers."’

While this development at Purdue was proceeding,

the development of super power microwave tubes had
heen started at Raytheon under the sponsorship of
the Department of Defense and had achieved CW power
outputs of over 400 kW at an efficiency exceeding 70%
at a frequency of 3.0 GHz., Recognizing the potential
application to free space power transmission the
author had persuaded Raytheon Company to support
the development of a close-spaced thermionic diode as
a rectifier and the demonstration of a complete micro-
wave power transmission system.® Such a demon-
stration using the close-spaced thermionic diode and
the physical arrangement of Figure 1 was successfully
made in May 1963 with a power output of 100 watts
which was used to drive a DC motor.! Among those
witnessing the demonstration was John Burgess,
Chief Scientist at the Rome Air Development Center,
who saw the potential of a microwave powered atmo-
spheric platform for line of sight communication over
long distances.

Figure 1. First experiment in the efficient transfer
of power by means of microwaves at the Spencer
Laboratory of Raytheon Company in May 1963. In this
experiment micrewave power generated from a mag-
netron was transierred 5.48 meters and then converted
with DC power with an overall efficiency of 16%. A
conventional pyra jidal horn was used to collect the
energy at the receiving end and a close-spaced ther-
mionic diode was used to convert the microwaves into
DC power of 100 watts. The collection and
rectification arrangement was directive and not very
efficient,

To encourage the chief scientist's interest the
author privately constructed a small helicopter whose
rotor was driven by a conventional electric drill motor
supplied with power by a cable and demonstrated that
it could carry aloft one of the closely spaced ther-
mionic diodes. This demonstration was a major factor
in motivating the chief scientist to set aside

discretionary funds for the development and demon-
stration of a small microwave powered platform. These
funds became available in July of 1964, a year later.

Meanwhile it had become evident that the receiving
arrangement used in Figure 1 had serious flaws for use
in a microwave powered platform. The horn as a
collecting element was much too directive for the
expected roll and pitch of a vehicle and its collection
efficicncy was also poor. The close-spaced thermionic
diode rectifier also proved to be a very short lived
device. It was at this point that the author met by
chance a college friend, Thomas Jones, in the Boston
airport. Jones had become the head of the Electrical
Engineering Department at Purdue University and
told the author about the work going on there on the
use of semiconductor diodes as microwave power
rectifiers. The author immediately made a trip to
Purdue and met Roscoe George, who had been carrving
out most of the research activity. Professor George
has been using dense arrays of closely spaced diodes
within an expanded waveguide and had achieved as
much as 40 watts of DC power output from microwaves
in the 2 to a GHz range of frequency with respectable
efficiencies.”® Although he had not made any
measurements with free space radiation, he had shown
how the microwave semiconductor diode, previously
ignored as a power rectifier because of its very low
individual power handling capability, could be combined
in large numbers to produce reasonable amounts of DC
power. In the absense of any other successfully
developed microwave power rectifier the author was
obviously drawn to the semiconductor diode approach.
However, the use of George's dense arrays within a
waveguide attached to a receiving horn would not
solve the low collection efficiency and directivity of
the receiving horn itself.

It was from this dilemma that the concept of the
rectenna arose. The proposed solution was to take the
individual full wave rectifiers out of the waveguide,
attach them to half wave dipoles, and put a reflecting
plane behind them. OUnce conceived” the development
of the rectenna, driven by its need for the proposed
microwave powered helicopter, proceeded rapidly.
Professor George was employed as a consultant to
proceed with this approach and to make measurements
on the characteristics of such a device.

With the arrangement of 28 rectenna elements
shown in part in Figure 2 a power of 4 watts of DC
power at an estimated collection and rectification
efficien<y of 50% and a power of('i" watts at an estimated
efficieny, of 40% were achieved. Of primary impor-
tance was the highly non-directive nature of the
aperture (Figure 3) that had been anticipated because
of the termination of each dipole antenna in a rectifier
which effectively isolated the elements from each other
in a microwave impedance sense except for the
secondary effect of the mutual coupling of the dipoles.
This feature of the rectenna that distinguishes it from
the phased array antenna is of the greatest practical
importance.

Although this achievement may be considered as
the first major milestone in rectenna development the
very small power handling capacity of the diodes
limited the power output per unit area to values un-
suitable for a helicopter experiment. For the
helicopter experiment George suggested vertical strings
of diodes separated by approximately a half wavelength,
but the power density was still much too low. Placed
close to each other in a plane to obtain the necessary
power density, the impedance of the diode plane was
very low and most of the power was reflected. The
author solved this problem by placing a matching



network in front of it consisti#  f a plane array of
rods spaced at an appropriate uistance from the plane
of the diode array. The final helicopter rectenna is
shown in Figure 4. It was comprised of 4480 IN82G
diodes, and had a maximum power output of 270

watts which was more than enough to power the
helicopter rotor, The weight of the array was about
three pﬂmdzs or about 11 pounds per kilowatt of DC
output, 11,1

Figure 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 270 watts,

A microwave power helicopter flight with this
string tyfp . rectenna was made on July 1, 1964 prior
to the start of work effort on an Air Force contract,
to demonstrate continuous flight for ten hours. The
Air Force contract was the basis for needed refinements
and s veral notable demonstrations, including the 11.12
specified ten hour continuous flight of the vehicle. "’ _
Figure 5 shows the helicopter in flight. It was neces- "
sary, of course, to use laterally constraining tethers to
keep the helicopter on the microwave beam but this
Figure 2. The first rectenna. Conceived at Raytheon limitation was later removed by a study and experimental
Compuny in 1963, it was built and tested by R. George confirmation that the microwave beam could be used

of Purdue University. Composed of 28 half-wave di- successfully as a position reference in a control system
poles spaced one-half wave-length apart, each dipole in an automated helicopter which would keep itself
terminated in a bridge-type rectifier made from four positioned over the center of the beam. 2

IN82G point-contact semi-conductor diodes. A re-
flecting surface consisting of a sheet of aluminum was
placed one-quarter wavelength behind the array.
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Figure 3. Directivity of the Half-Wave Dipole Array
Shown in Figure 2. Directivity was essentially the
same about both axes of rotation. Array has slightly
less directivity than single half-wave dipole.

Figure 5. Microwave powered helicopter in flight 18,28
meters above a transmitting antenna. The receiving
array for collecting the microwave power and converting
it to DC power was made up of several thousand point
contact silicon diodes. DC power level was approxi-
mately 200 watts. The date of the demonstration

was October 1964.
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The development of the string type rectenna
(Figure 6) is of more than historical significance
because it represents an approach in which large
numbers of rectifying diodes can be spread over a
surface to accommodate a high power deasity influx
of microwave radiation or to operate in the vacuum of
space where it may be desire to decrease to a mini-
mum the mass required to transport heat from the
diode sources to the heat sinks, in all probability
passive radiators. The current status of microwave
diodes (1979 technology) is such as to minimize the
need for the "string-type" or equivalent arrays. Most
applications currently envisaged do not call for
.neident microwave radiation of a density level beyond
what the half wave dipcle array with the greatly
improved diodes can handle.
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Figure 6. Schematic Drawing Showing Arrangement of
Dipoles and Interconnections within a Diode Module
used in Helicopter vectenna.

As the first airborne vehicle to stay aloft from
power derived from any kind of an electromagnetic
beam, it excited considerable interest. A demonstration
to the mass media in October 1964 resulted in con-
siderable exposure both in the press and on TV,
Probably as a result of this, the author received a
letter from a representative of Hewlett Packard
Associates enclosing some newly developed Schottky
barrier diodes which were indicated to be a substantial
improvement over the point contact diodes that had
been used. Tests made on the individual diodes
(Type 2900) indicated that indeed they were much more
efficient and would have more power handling cap-
ability. This combined with their smaller size made
them of a great deal of potential interest.

Unfortunately, the Air Force elected not to
further develop the microwave powered platform. It
did, however, support the successfu! development and
demonstration of a helicopter which would uutomnticul})y
position itself over the center of a microwave beam, 12

In the time period from 1965 until 1970 there was
no direct support of rectenna development from either
government or industry. However, a substantial
amount of development work on the rectenna was
carried out by the author using personal funds and
time during the 1967 to 1968 time period. This work
was primarily aimed at incorporating the improved
Schottky-barrier diodes into a very light weight
rectenna structure that reverted back to the format of
half wave dipoles terminated in a full-bridge rectifier.
['he resulting array is shown in Figure 7. The array,
with a mass of only 20 grams, produced 20 watts of
power output fcr an improvement in the power to mass

ratio of a rectenna by a factor of five. However. the
rectenna of Figure 7 was also important in that it was
used to make a demonstration of microwave power trans-
mission that may have been an important factor in the
decision by MSFC to continue with the development of
microwave power transmission and the rectenna.

Figure 7.

Greatly improved rectenna made in 1968
from improved diodes (HP2900) which became

commercially available in 1965. The 0.3 meter square
structure weighed 20 grams and delivered 20 watts of
DC output power.

Development Under MSFC Sponsorship

The interest in the rectenna at MSFC is believed
to have grown out of an interest of Associate
Director Ernest Stuhlinger in some kind of free space
power transmission within a space based community
that would contain a collection of physically separated
satellites. A country wide survey of technical
approaches to this problem made by William Robinson
of MSFC identified the work that had been done on
microwave power transmission at Raytheon. At his
and Dr. Stuhlinger's suggestion a demonstration was
given to Dr. Werner von Braun and his entire staff.
In the kind of demonstration that would probably not
be permissible today the author set up a three foot
parabolic reflector at one end of the long table as the
source of a microwave beam of about 100 watts. At
the other end of the table the author held the rectenna
of Figure 7 now attached to a small motor with a small
propellor on it., The microwave beam was used to
supply power to the motor and the author would
interpose his body between the source and the rectenna
to demonstrate that the power was coming from the
microwave beam,

Interest within MSFC resulted in setting up a
small in-house facility for laboratory effort urder
W.J. Robinson and a contract with Raytheon for a
system study in 1969. Initially the system study did
not involve any supportive technology development.
It soon became evident, however, that a barrier to
any further interest at MSFC in microwave power
transmission lay in demonstrating a minimal overall
system efficiency. The contract was hastily amended
to permit Raytheon to construct the hardware for an
overall efficiency measurement to be made at MSFC.

The system, shown in Figure 8, was hastiily put
together and demonstrated at MSFC in September
1970.  The specified minimal overall efficiency of 19%
was achieved with a measured efficiency of 26%. 1
This demonstration focused interest upon further
increasing the efficiency of the rectenna and of the




overall system. Over the next four years there was a
succession of improvements in overall system efficiency,
primarily because of improvements in both the col-
lection and rectification efficiency of the rectenna.

The focus in this time period was upon the development
of the technology rather than upon an application.
However, it is believed that the emergence of the solar
power satellite concept in the 1968 to 1974 time frame
and its need for high efficiency exerted considerable
influence upon the drive for better efficiency from all
perts of the microwave power transmission system.

Figure 8. Test set-up of microwave power transmission
system at Marshall Space Flight Center in September
1970. The magnetron which converts DC power at

2450 MHz is mounted on the waveguide input to the
pyramidal horn transmitting antenna. The rectenna

in the background intercepts most of the transmitted
power and converts it to DC power. Ratio of DC power
out of rectenna to the rf power into the horn was
40.8%. Overall DC-to-DC efficiency was 26.5%.

The MSFC demonstration of September 1970
indicated » number of deficiencies in the system
including a rectenna collection efficiency of only 74%
versus t! e theoretical maximum of 100%. This low
collection »fficiency was associated with improper
spacing of the rectenna elements from each other in
the rectenna array. The elements were therefore
spaced more closely to cach other in a hexagonal
fcrmat, (Figure 9) and, in addition, the DC output of
each rectenna element was terminated in a separate
resistor to obtain a much greater range of data on the
behavior of the rectenna. With the changed geometry
the collection efficiency was increased to about 93%.

The decision to terminate each rectenna element in
a separate resistor involved a chunge in the manner in
which the DC power was collected and instrumented.
The output of each rectenna element was brought back
through the reflector plane where it could be directly
monitored with DC meters. This arrangement provided
such an enhanced capability to study and understand
the performance of the rectenna that it was retained in
the further development of it (See Figure 10 for an
adaptation to a later MSFC rectenna.) The construction
however is not economical and is not recommended for
most applications.

It was during this period that an arrangement to
separate the measurement of the collection efficiency
from the rectification efficiency of the rectenna was
develcped. The individual rectenna element was placed

at the end of a section of waveguide that was expanded
into a small horn with an aperture of about 100 square
centimeters. A metallic reflecting plane was placed
behind the rectenna element and this plane also was
used to seal the end of the waveguide so that no
microwave power could leave the closed system. This
made it possible to accurately measure the DC output
power and the microwave power absorbed by the
element and thus to accurately measure an efficiency,
defined here as tha rectification efficiency. Such an
efficiency, of course, includes any circuit losses in
the rectenna element itself. The test fixture environ-
ment in which the rectenna element was placed simulated
to a first approximation the environment of the sur-
rounding rectenna into which the rectenna element
would eventually be placed. This test arrangement

was a key factor in reducing costs for the development
of the rectenna.

Figure 9. Close up view of rectenna used in measure-
ments of overall system (DC to DC) efficiency. There
were 199 elements in a four foot diameter hexagonal
array. Rectenna was illuminated with a near gaussian
shaped beam with a power density at the center about
forty times that at the edges. The probe in front is
used to measure the standing wave pattern in space.
Probe measurements indicated that after suitable ad-
justment of DC load resistance and spacing of elements
from the reflecting plane a reflection of less than 1%
could be obtained, indicating an absorption efficiency
approaching 100%. Although overall rectenna efficiency
is generally difficult to measure because of edge
effects and difficulty of measuring power density in
the beam the unique aspects of the test facility made
it possible to estimate overall capture and rectification
efficiency of 82% fur the rectenna within a #2% error.

The collection efficiency of the rectenna has

always been difficult to measure. The termination of

a large aperture horn with a large number of rectenna
elements, an arrangement which would seem to logically
follow the test arrangement for a single element, loses
its validity for collection efficiency because many modes
are set up within the horn if there is any dissymmetry
at all in the rectenna arrangement. Most of the power
in these modes gets absorbed in the elements them-
selves and very lttle flows back into the throat of the
horn and intc the waveguide where any measurement
of reflected power could be made. The best way to
measure collection efficiency is to measure the standing
wave pattern directly in front of the center of freely




exposed rectenna of sufficient area to minimize dif-
fraction effects from the edge. The measurement is
made more valid if the impinging beam has a gaussian
distribution, the reflection factor is small and the re-
flected wave also assumed to be gaussian. These
conditions prevail in the arrangement of Figure 11.
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Figure 10. Sketch of the Marshall Space Flight Center
rectenna which was constructed in spring of 1974.
Cutaway section of rectenna element shows the two
section input low pass filter, the diode, and a com-
bination tuning element and by-pass capacitor.

Because the diode rectifler is such an important
element in the collection anc. rectification process, a
search for diodes which wou!d improve the efficiency
and power handling capability of the rectenna has been
a continuing procedure. In 1971, Wes Mathei suggested
that the Gallium Arsenide Schottky-barrier diode that
had reached an advanced state of daevelopment for
Impatt devices might be a very good power ri%tiﬁer
and provided a number of diodes for testing. These
devices were indeed much better. Their revolutionary
behavior in terms of higher efficiency and much greater
power handling capability rapidly became the basis for
the planning of improved rectenna performance.

The knowledge of the superior performance of this
device was coincident with the advancement of the
concept of the Satellite Solar Power Station by Dr.
Glaser of the A.D. Little Co.17 The earliest investi-
gation 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 rectification circuitry would be of para-
mount importance. This factor, combined with the
fact that no harmonic filters had existed in previous
rectenna element designs but would be necessary in
any acceptable microwave power transmission system,
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 wave
filters to attenuate the radiation 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 10. This rectenna element was used in the
. st 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 9).
The combined collection and rectification efficiency of
this rectenna was measured at 82 * 2%. The
overall DC to DC efficiency was measured at 48%.

Figure 11.

Photo of 24.5 Square Meter Rectenna
erected in 1975 at the Venus Site of the Goldstone

Facility of the Jet Propulsion Laboratory. Power was
transferred by microwave bzam 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
microwave power impinging upon the rectenna, over
82% was converted into DC power. The rectenna
consisted of 17 subarrays, each of which was instru-
mented separately for efficiency and power output
measurements. Each rectenna housed 270 rectenna
elements, each consisting of a half-wave dipole, an
input filter section, and a Schottky-barrier diode
rectifier and rectification circuit. The DC outputs of
the rectenna 'ements were combined in a series-
parallel arrangement 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 incident power or load malfunction. Each
diode was self-fused to clear it from short-circuiting
the array in the event of a diode failure.

Development Under JPL Sponsorship

By 1973 the solar power satellite concept (then
the SSPS) had become an important enough considcra-
tion to interest the Office of Applications within NASA
to support the development ot the microwave power
transmission portion of the system. Although it would
have been logical to continue the effort ¢t MSFC be-
cause of their initial involvement, MSFC indicated that
the subj2ct matter was outside of their main interests
and that they did not wish to pursue its deveiopment
further. As a result both JPL and LeRC becamc
involved in efforts that involved the demonstration and
rurther development of the rectenna, and the rectenna
became increasingly identified with the SPS.

The JPL activity was involved with the demonstra-
tion of the transfer of power over a distance of one
mile and at a DC power level of 30 kilowatts, nearly
two orders of magnitude greater than ngbeen accom-
plished in the laboratory. (Figure 11)'°: This work
effort was carried out in the 1974 to 1975 time period
and has undoubtedly been the most imp-=tant contri-
bution to the establishment of confidence within the
NASA and aerospace community in the feasibility of
microwave power transmission. Although the emphasis
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was upon demonstration rather than technology develop -
ment it did provide some opportunity for additional
development, those aspects involving the interface with
the usefui load on the output side of the array, life test
data and improvement and certification of overall
efficiency. An unfortunate aspect of the demonstration
was that for risk minimizing purposes the uneconomic
three level construction of dipoles, refiecting plane,

DC power and bussing was retained. However, later
work with LeRC featured the development and testing
of the economic two level construction.

From the rectenna development point of view the
JPL activity included the following accomplishments:

e Demonstrated the parallel-series connection of the
DC output power from parallel rows of rectenna
elements.

e Developed plated-heat-sink GaAs Schottky-barrier
diodes with carefully controlled thickness of
epitaxial layer to maximize efficiency.

e Demonstrated "fail-safe" nature of the diodes. If
a diode should short out the adjacent parallel
connected diodes force enough current through
the package of the shorted diode to burn out a
one mil diameter wire which acts as a fuse in the
package.

e Demonstrated the value of crowbars in protecting
diodes from load faults and from excessive incident
microwave power but also the desirability of
complenienting them with capacitors placed across
tha output terminals of the diode array to absorb
short duration spikes of output power from any
cause.

® A mechanical design of the rectenna element itself
that was much improved over the nlement developed
under MSFC sponsorship.

® The initiating of life test on 199 rectenna elements
and diodes arranged in groups that were exposed
to different values of incident microwave power.

e Improved the setup in Raytheon's laboratory to
demonstrate high overall (DC to DC) system
efficiency and then provided certification of the
data upon which the calculation of an overall
efficiency of 54% was based.20 The rectenna that
was used in this experiment is shown in Figure
9. The overall collection and rectification
efficiency of the rectenna was found to be 82 *2%
in this experiment.

Development Under LeRC Sponsorship

Lewis Research Center carried out two activities
for the Office of Applications having ta do with the
rectenna, One, carried out in 1974 and 1975 was a
broad study of the entire microware power transmission
system for the SPS. Various approaches to the col-
lection and rectification problem were investigated.
Investigation included an examination of all rectifier
approaches and all receiving antenna approaches., The
rectenna approach was found to be unique in the
solution of this probiem.21

The other. LeRC activity dealt exclusively with the
improvement of the rectenna22 and made important
contributions as follows:

Improvements in Efficiency

Improvements in rectenna element efficiencies to
values slightly in excess of 90% were achieved. These

efficiencies were with DC outputs in excess of 4 watts,
which is above that currently planned for the SPS.
However, notable improvements were made in efficiency
at low power densities with improved diodes and higher
impedance rectenna elements. The results are shown
in Figure 12. Further, directions in which to obtain
higher efficiency, particularly at the lower power
levels, were discovered.
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Figure 12, A summary of the efficiencies achieved with
new diode in various new rectenna configurations as

a function of power level, compered with performance
of a standard element used in the JPL Goldstone
redtenna and shown as the lower curve.

Improvement in Confidence in Collection and
Rectification Efficiency Measurements

A considerable improvement in the confldence of
efficiency measurements on the rectenna element was
established by equating the microwave 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 losses in the diode were
measured by a unique substitution method developed
at Raytheon and explained in reference 22. The
balancing of microwave power input and total power
output, as shown in Figure 13, is a good check on the
measurement of microwave power input which is trace-
able to a 100 milliwatt microwave standard at the
Bureau of Standards through a secondary standard
sent there for calibration, and a calibrated 20 dB
directional coupler with which the secondary standard
is applied to the test set for the rectenna element.

Mathematical Modeling and Computer Simulation

The mathematical modeling of the rectenna element
and simulating its performance on a computer was
successfully carried out. Although other cgmputer
modeling had been successfully carried out,“4 this was
the first time that the computer program modeling was
for the same rectenna element on which accurate
experimental measurements of circuit and diode losses
had been made.

The computer simulation generally gave results
that confirmed the experimental results, as may be
seen from an examination of Figure 13, but upon
occasion 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 mensured. 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 ohmic contact
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is not purely ohmic but retains some Schottky barrier
characteristics which contribute to the voltage drop.

T

-y o
100%

SUM OF DC POWER QUTPUT ANOD MEASUMD LOSHS .
MICEOWAVE POWER ABSORMD INTO RECTENNA ELEMENT

%l - } L b -
s}
il N OC OUTPUT POWER

0/‘ MICROWAVE POWIER ABSORBED INTO RECTINNA fLeminT * 0™

|

70%

EXPERIMENTALLY MEASURED
MICROWAVE POWER ABSORBED = INCIDENT PWR, ~ REFLECTED POWER

L e B .
REFLECTED POWER LESS THAN 0,5% OF INCIDENT
1N 1-8 WATT INCIDENT PR, tANGE

@ COMPUTER SIMULATION WiTH THEORETICAL DIODE
© cComPuTER SIMUSKAIION USING MEASURED DIODE

% OF MICROWAVE POWER ABSORSED BY RECTENNA ELIMINT
|
t
i
1

CHARACTERISTIC!
i | | [ I | |
DIODE LOBSES: x 100% 4
MICROWAVE POWER ABSORMD INTO RECTENNA ELEMENT
[ oafer | |
+ 1
; = BB —t . N P
® ILTER CRCUIT LOSSES - MEASURED SEPARATELY - 2,07% AT 2450 MMz |
- : bbbt g - et
o LI MiduBasnet | ; NSRS gian
3 4 5 [ 7 LS 10
INCIDENT MICROWAVE POWER - WATTS e

Figure 13. 'The DC power output, losses in the
microwave diode, and losses in the input filter circuit
are shown as a percentage 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 compared with the absorbed microwave
pewer. Comparison with computer simulation
computations is also shown.

A typical set of diode losses as obtained from the
computer simulation may be of interest, Total losses
were 13.03% of the input power of which 2,08% was
skin loss, 2.52% loss in the diode series resistance
in the forward conduction period, 1.23% loss in the non-
conducting portion of the cycle, and 7.22% loss in the
Schotiky junction itself. The total losses observed
experimentally were 12.8%, an agreement that is
probably better than can be justified.

Development of Improved Diodes

The power loss represented by the voltage drop
in the Schottky barrier is an important loss in the
diode, and it is the major one when the operating
power level is low, even when the impedance level of
the circuit is raised to minimize these losses. GaAs
Schottky barrier diodes commonly use platinum as a
barrier metal because it behaves better than other
materials for use of the diode as an Impatt device.
Tungsten has a lower work function that platinum and
would be preferable in a rectenna element. Such
diodes were developed and indeed found to have lower
loss and to be myre suitable for rectenna element
application.

Suppression of Harmonic Energy

A means of reducing harmonic energy radiated
from the dipole antenna was investigated. A shorted
line { wavelength long placed across the terminals of
the dipoly appears as an open circuit to the funda-
mental but as a short circuit to the second harmonic.
The power in the second harmonic is therefore re-
flected back into the rectenna element. It was found
that this technique will reduce the second harmonic
level by as much as 25 dB but the impact of the

harmonic reflection upon the overall efficiency needs
more evaluation. The technique can be incorporated
with no additional cost into the rectenna element in the
two-plane format. The third harmonic may be treated
in a similar fashion but it is necessary tc complicate
the physig%l format of the rectenna element to incor-
porate it.

Development of a Rectenna Design that is Both
Environmentally Sound and is Suited to Low Cost
High Speed Production

The development of basic technology for the
rectenna for the full scale SPS is 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. Effort on this part of
the program resuited in the outline of a mechanical
design based upon the two-plane rectenna system in
which all of the important elements of the rectenna,
including the bussing of DC power, are carried out
in the foreplane. This foreplane is shown schematically
in Figure 14. In effect this design reverts back to
some of the earliest rectennas but with greatly
improved components and better understanding. A
mechanical design of the entire rectenna couplad with
the fabrication and electrical testing of a portion of
the foreplane was carried out. The overall mechanical
design is shown in Figure 15 while the electrically
operative foreplane portion is shown in Figure 16.

HALF-WAVE DIPOLE COLLECTING BUS
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Figure 14. Interconnection arrangement of half-wave
dipoles, wave filters, rectifier circuits, and collecting
buses in the foreplane of a two-plane rectenna system.
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Figure 15. Proposed design of Rectenna motivated by
environmental protection and cost considerations. In
this design the environmental shield becomes an
important load-bearing member of the structura) design.

The foreplane shown in Figure 16 was thoroughly
evaluated for performance. A special arrangement made
it possible to test each of the five foreplane elements
in the single rectenna element test fixture while all
five remained within the foreplane assembly. The
average efficiency of the elements was 88%. To deter-
mine its compatibility within a large array of elements
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the foreplane of Figure 16 was inserted into the 199
element array shown in Figuvre 17. A careful check
was made on any effect it might have had on the
performance of the rectenna as a whole, by means of
reflection measurements of the kind shown in Figure 9
and by comparison of the power obtained from the five
element array with the sun of the power from the

five standard rectenna elements it replaced. From the
almost imperceptible impact that was noted, it was
concluded that the rectenna design depicted in
Figures 15 and 16 is electrically satisfactory.

Figure 16.
plane illustrating the joining of individual rectenna
elements to each other to form a linear, easily-
fabricated structure performing the functious of DC
power bussing and microwave collection anu rectification.

Basic core structure design of the fore-

Assessment of Life of Rectenna Element

Figure 18 provides a summatiun of the life test
data taken up to a total of slightly over 800,000 diode
hours. It is noted that there werc no failure of diodes
in rectenna elements operated at DC power levels below
6 watts. Even those failing at higher power levels may
have been associated with infant or operator-induced
failures. There was only one unequivocal self-induced
life failure of a diode and that occurred in the group
operating at 6 to 8 watts of DC power output.

All of the diodes that were used were the plated-
heat-sink GaAs Schottky barrier diodes that were made
as part of the effort under the JPL supervised program
at Raytheon. The life test was made possible because
of the availability of the complete microwave power
transmission system and the 199 element rectenna
shown in Figure 9. With this arrangement there is
a distribution of power density over the rectenna by
a factor of about 40.

Figure 17. The test set-up for checking the foreplane
type of rectenna array. The five element forepiane
structure is placed at the center of the larger rectenna
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 collected from the five elements that it replaced.
Reflected power measurements were also made with the
probe arrangement shown in Figure 9.
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Figure 18. Diode Life Test Results Using Rectenna
shown in Figure 9. Rectenna contains 199 rectenna
elements which are subjected to a wide range of
incident power.

Recent Developments and Future Trends

The SPS rectenna design approach of Figure 15
was structurally snalyzed in considerable detail by
the author. Material requirements and costs wero
estimated. To save on material, which is the chief
element of cost, airframe design practices should be
used, and extensive scaled wind tests should be per-
formed in the early design stages to forestall excessive
design safety factors for wind loading.
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A set of studies leading to additional under-
standing of the rectenna have been sponsored by
Johnson Space Center, with R.J. Gutmann of RPI
being 520 principal investigator for a number of
these.

The most recent trend in rectenna development
is the thin-film printed-circuit rectenna for high
altitude atmospheric platform and space use. It is
not believed to be suitable for the SPS rectenna
because of its fragility and higher cost per unit area
than the rigid construction of Figure 15. Its
application to the high altitude platform, however,
may lead to a better general understanding and
acceptance of microwave power transmigssion in the
SPS. . ‘
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RECTENNA SYSTEM DESIGN

G. R. Woodcock, Boeing Aerospace Company
R. W. Andryczyk General Electric

1.0 INTRODUCTION

The function of the rectenna in the solar power satellite system is to con-
.’ vert the downcoming microwave power beam to electrical grid power. Due to its large
physical size (a typical rectenna site is a 10 KM x 14 KM ellipse) and element composi-
tion (many repetitive components), the projected cost savings of automatic mass productio
are of prime importance. Control of the satellite power beam and its distribution also
takes place at facilities on the rectenna site. These critical functions have minor cost
impacts and are not treated in this document.

The fundamental processes at the rectenna consist of rectifying the incident
r.f. field into d.c. current using Schottky barrier diodes, filtering the rectified out-~-
put, combining it and processing it to higher voltages for distribution. Hierarchial co
bination and processing of currents is done several times to integrate the relatively lov
power per diode to electrical grid power magnitudes. Provisions for power control for
equipment protection and load management exist at each step in the hierarchy.

2.9 RECEIVING ANTENNA OPTIONS

' Figure 1 illustrates the basic design choices based on the desired microwav:
field concentration prior to rectification and on the ground clearance requirement for t’
rectenna structure. For an optimized system, these parameters depend on positions withi
the site, local terrain and incident r.f. field. For purposes of the present study, a n
concentrating inclined planar panel with a 2 meter minimum clearance configuration was
selected as representative of the typical rectenna.

3.0 RECEIVING ELEMENT OPTIONS

Figure 2 illustrztes some of the options that have been considered for rec:
ing antenna elements. Dipoles in various implementations represent the most straigh: fo
way of receiving a linearly polarized incident field compatible witi the slotted wavegu:
transmitting array, and are relatively easy to analyze. However, other cptions, includi.
elements that receive circularly polarized fields, have been conside:ed.

Figure 3 shows capture area as a function of element width and length for a
number of different types of elements. A trade study of diode power for maximum rectifi-
cation efficiency (5-10 watts por diode) as opposed to long life with passive cooling
(<5 watts per diode) suggests a power level per diode of somewhere between 1 and 5 watts.
(See Table 1).

TABLE 1: SINGLE DIODE RECTENNA (DIPOLE) ELEMENT -

Element Equivalent Power* Achieved Element Projected Element
Power Level Density Efficiency Efficiency
(Watts) mW/cM2 ‘ % b1

8 160 91 91

1 20 88 90

0.5 10 . B6 88

0.2 4 . 84 86

0.1 2 82 85

2

*Proposed Power Density at SPS Rectenna Center -~ 23 mW/CM

Proposed Power Density at SPS Rectenna Edge - 1 mW/CM2
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The baselinesd modified half-wave dipole, with a capture area of 70 CM2 (typical:
will provide between 1-2 watts of power per diode at the center of the rectenna (23 mW/CM2)
indicating good efficiency. More directional elements or dipole arrays must be used as we
go out to the rectenna edge (=1 mW/CW2); for instance, a 4 x 4 dipole array would again
provide 1 watt per diode. Carc must be exercised not to select too large an array which
would pose problems of directional reception and increased losses in the r.f., collection
linos. The design chosen integrates the dipoles and their associated power and wicrowave
cirvcuitry inside an aluminum environmenial shield and support structure which readily lend
themselves to mass production methods.

4.0 BASELINE RECTENNA DESCRIPTION

A representative rectenna design at a 35° latitude is described, characterized
by & 5 GW Gaussian tapered beam with a peak incident microwave power of 23 mW/CM2, Power
is collected out to the point where the interception efficiency is 95%Z. The basic receiv--
ing element of the baseline rectenna is a dipole above # ground plane. The dipole assembly
also contains a filtering and matching circuit to match the dipoles to the incoming wave
with a reflection coefficient of better than -20 db. It is assumed that all dipoles are
identical throughout the rectenna, The number of dipoles in the rectenna is approximately
1.3 x 1010 5n a 7.9 CM = .64 A triangular array format.

Component designs for the rectenna are varied to most effectively match the
incident power flux in ten rings. Basically, all microwave system components of a given
type are similar within a ring. However, power bussing and control segmentation at the
5-10 mW power level and above extends across ring boundaries. Local d.c. voltages on the
panels are designed not to exceed +3.25 KV.

Due to the power density variation over the rectenna aperture, a single type
of radiating element or a single type of rectifier cannot provide optimum conversion effici-
ency. Either a number of radiating element types or a number of diode types must be pro-
vided. Presently, one single type of diode is assumed which is operated with four differen
types of antenna elements. It is assumed that besides the dipole element already describecd
these antenna elements are formed by using the basic dipoles in arrays containing 2, 4, or
8 dipoles. The corresponding assemblies are called Type 1,2,3, and 4 receiving arrays.
There are approximately 7.654 x 109 arrays (diode assemblies) in the overall antensa.

The array assemblies are combined into panels which are the smallest assembly
units from the fabrication point of view. 10 m? was selected for the panel area, with a
N-§ plane dimension of 3 m and E-~W plane dimension of 3.33 m. Figure 4 shows a typical
panel assembly in the center of the rectenna. It is assumed that all panel sizes are identi-
cal. This requires 7,060,224 panels in the rectenna. There are four different types of )
panels, corresponding to the four different types of receiving arrays. Although the dipoles
and diodes are identical for all panels, the combining-matching-filtering circuits and the
diode wiring represent four types. Table 2 summarizes the characteristics of the panels.

-2 v v v v 4 A ota
T - . — o vl Y™ vy Toet{ TABLE 2:
Ring | 2<% mru-x ,Dctnox Dipolas Diodes | ¥ Dcnm. ’Dcmcdu oc anel x’hnol l'chncl.
3 xéde
1 3.3 2333 1738.8 1849 1849 17.96 9398 72,3 3.28 1100 RECTENNA
F 18,76 1875 1378.2 1849 1849 16.12 : 4y 692.7 1.98 1100 PANEL
- ) - ) CHARACTERI -
3 16,38 1438 1043.3 1849 1849 14.12 S8/ 06,7 .72 1100 ZATION
x30x3i =
L 11.42 1142 228.1 1860 930 17.73 ,8504 546.4 1.30 1136
] 0.67, 2% 525.6 1860 930 15.44 6727 4786 . 1136
[} 6,72 672 468.1 1860 930 13.59 ,3033 421 1.1 1136
? 3.3 834 3654 1260 930 12.12 3929 3% 973 123
4x1x22 @
s 424 424 92.3 1848 462 5.0 6322 .0 JB66 1192
9 3.49 k13 236.8 1848 462 13.90 25119 305.8 373 132
215425 o ' L
10 3.14 314 214.0 1820 218 18,50 $311 283.8 758 1100 2
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Units are combined from panels in such a manner that nominally 1,000 panels
are in one unit and the N-S dimension of a unit is always 32 x 3.662 = 117.18 m, which
means that the number of panel rows in the N-S plane is always 32. This allows a standard:
zation of the unit layouts to a minimum of seven types. Figure 5 shows the overall layout
of the rectenna with the ring boundaries and the number of units within each ring. Note
that the N-S dimension of the units are standardized to 117.18 m everywhere within the
rectenna and only the E-W dimension of the units varies from ring to ring.

The last assembly which is formed at DC is called "group". This brings the
power output into the 5-10 MW range. In order to keep the voltage levels relatively low,
groups are formed from the units by parallel connections only. The power from the unit
output is brought to group centers, or blocks, where the DC to AC inverters are located,
by relatively long transmission lines that are parallel-connected at the group centers onl:
Blocks handle approximately 70 MW of power each.

Selection of the layout for the rectenna AC system between the individual
DC/AC converters and the bulk power transmission system depends on the location and the
power levels of the DC/AC converters as well as on the needs of the bulk power transmissic
system. A one-line diagram for the rectenna AC system in which the DC output from the di-
pcles is collected into 40 MW DC/AC converter stations is shown in Figure 6, The 40 MW
converter station output is transmitted by underground cable to 200 MW transformer station
where the voltage is stepped up to 230 kV, then collected in 1,000 MW groups and transforr
to 500 kV for interphase with the bulk transmission system. The switchyards are shown
arranged as reliable "breaker and a half" schemes where single contingency outages may be
sustained without loss of power output capability. The selection of the voltage level fo-
the ultimate bulk power transmission interface with the utility grid, as well as the
possibility of interconnecting two or more of the 1,000 MW switching stations together
should be optimized based on detailed information about the comnecting utility system. I
solution, shown in Figure 6, integrated in a utility system with a control structure, as
indicated in Figure 7, is one of several possible choices.

Availability calculations for the baseline rectenna design (Figure 8) were
performed, the results of which are that 80% of the rated satellite power is available
96.8% of the time, and that scheduled no-power periods total only 208 hours per year.

To define the requirements for a given :pecific situation, load flow and
system stability studies are required. It is likely, however, that the SPS power system
would be far more stable than a conventional power plant of the same rating. This would
mean that the transmission distances could be increased for a given line loading without
need for ds much series compensation as in conventional power plants.

When substantial amounts of power are to be transported for distances of 400
miles or more, the consideration of a high-voltage DC (HVDC) as the transmission load is
often indicated. The HVDC system is {deally suited for long distance bulk power transport
since 1t does not suffer from stability effects and can even be used to improve the stabil-
ity of the AC system to which it is connected. The DC system is asynchronous and can easilv
transmit power between independent power systems such as those of the Eastern and the
Western United States. HVDC technology is advanced and the systems have been well received.
A 6,300 MW system in Brazil is currently in the proposal stages with full scale operation
scheduled for 1985. It appears that a DC system or a combination of DC and AC systems
could be applieé¢ to the Solar Power Satellite system with few difficulties.

5.0 SCATTERING AND RADIO FREQUENCY INTERFERENCE

The microwave transmission link must meet a stringent standard of electro-
magnetic cleanliness which states that out-of-band power must be more than 150 db down
from the link power. Even though stray power reflected from and/or radiated by the
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rectenna generally travels in an upward direction, there are enough scattering mechanisms
for harmonics from the diode rectifier and associated noise to warrant the serions question
of meeting this requirement. Some of the approaches and their implications are summariged
in Raytheon data of Table 3 below.

TABLE 3:  APPROACHES TO DECRFASE HARMONIC RECTENNA RADIATION

Expected Improve-
ment in 2nd, 3rd

Approach and 4th Harmonics Implications .
o More filter sections Approx. 14 db per c No physical room, 1% loss for each sectiom.
of current design section o Mechanical tolerance problem.
o Stub lines to short ~30 db o 2nd harmonic reduction easily added.
higher harmonics at o 3rd and higher harmonics require added width
dipole terminals to core section.
o Less than 1% decrease in circuit efficiency.
o Could degrade the electronic efficiency .
o Incorporate stub 60 - 80 db o Mechanical tolerance problem.
lines as part of 0 Requires additional width of core section.
filter sections o Some circuit efficiency degradationm.
o Could degrade the electronic efficiency.
o Full wave nv15 db o Doubles or quadruples number of diodes.
rectification o Greatly complicates electrical circuit and

mechanical construction.

In the baseline design, two low pass fiiter sections which attenuate the second
and higher order harmonics by over 25 db separate the rectifier from the outside world.
More filter sections add approximately 17 db more suppression, each at a cost of approxi-
mately 1% efficiency loss. Other alternatives, also with an efficiency penalty, are to us-
stub line filters or full wave rectification. All of these approaches have mechanical cor
figuration problems that, while solvable, will increase rectenna diode array assembly cost:
Given these difficulties, it may become necessary to seek SPS-assigned bands at the first
few harmonic frequencies.

Another type of scattering which affects system design is Fresnel edge diffracti
from the rectenna panel edges. A slight overlapping of panels can reducé these losses but
does increase total panel area and ccst. The expected capture loss and resultant efficienc
loss is estimated at between 1 to 2%.

6.0 RECTENNA SYSTEM OPTIMIZATION

Optimization of a rectenna system design to minimize costs is carried out at
several levels. It is always desirable from the cost per unit power standperint to transmit
as much power through the transmission link as the ionospheric medium ané beam pattern con-
straints will allow. The rectenna should be increased in size until the incremental rate
of return from sales of the intercepted power are marginal. Such a procedure is illustrated
in Figure 8 where the incremental revenue per square meter is balanced by the incremental
cost per unit rectenna area at the optimum.

Much of the cost of the rectenna is in the structural support material required
to support it against wind drag and snow loads. Different types of rectenna panels were
considered. The baseline design chosen is an intermediate between the inexpensive but
draggy flat panels and the more expensive, low drag panels which have circuit topology
provlems. The present rectenna panel support structurc evolved from stiff edge-supported
panels to a hierarchial more centrally supported frame which uses much less material.

alb
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7.0 RECTENNA CONSTRUCTION

Construction of the rectenna is, by necessity, highly automated. Starting with
prefabricated dipole assembly components,a dipole machine (Figure 9), manufactures
completed dipole/dlode assemblies at a high rate. These are then combined with other
prefabricated parts to manufacture receiving element sticks. The sticks, metal frame and
ground plane are then tack-welded together to form panels (Figure 10), :

The completed panels are then taken to the rectenna site where specialized
equipment, shown on Figure 11, prepares the site through the emplacement of panel support
arches., The panels are then lowered on the support arches, fastened and connected
electrically.

There must, of necessity, be some rather conventional construction at the
rectenna for the grid power system and the pilot beam transmitter(s), but these consti-
tude only a small fraction of the construction cost.

8.0 RECTENNA COST

The rectenna investment and maintenance cost breakdown for the baseline design i
is indicated in Table 4. . i

TABLE 4: SPS RECTENNA COST BREAKDOWN PER MAJOR TASK

Task : Labor Eqmt. Material Freight Total
Initiate Site Preparation 503 301 4,479 255 3,4C
Complete Site Preparation 1,400 1,047 ‘18,780 884 ~15,4
Foundation and Supporting Structure 24,550 64,G93 182,842 32,181 303,6:
Manufacture and Install Panels 24,296 145,134 928,664 3,455 1,101,5"
TOTAL ($'s in Thousands) 50,752 210,575 1,088,247 36,775 1,386,
Land costs are excluded, but are typically less than 5% of the anticipated cost

for typical sites considered. If desired, the land underneath the rectenna may be used fo:
factories or intensive agriculture.
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Figure 1: Potential Rectenna Configurations
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Figure 10: Dipole Machine

GROUND PLANE
SCREEN '
' RIGHT N RN
70 WU NP NP WO Wl Wt
SHIELD Y \‘ \. \_*. - * A
SN\ A A
PANEL FRAME N NN \
W N N\
\

\
LEFT N
SHIELD //>'\\

, FOREPLANE
. ASSY.

TACK
WELDER -

PANEL/FOREPLANE — i
ASSY. ~a e

Figure 11: Rectenna Panel Fabrication Sequence



R I

T

b =22 -
N82-12562
Rectenna Session: Micro Aspects

Dr. Ronald J. Gutmann
Rensselaer Polytechnic Institute

There are two micro aspects of the rectenna design which will be
addressed in this presentation: evaluation of the degradation in net rec-
tenna RF to DC conversion efficiency due to power density variations
across the rectenna (power combining analysis) and design of Yagi-Uda
receiving elements to reduce rectenna cost by decreasing the number of
conversion circuits (directional receiving elements). The first of these
micro aspects involves resolving a fundamental question of efficiency
potential with a rectenna, while the second involves a design modifica-
tion with a large potential cost saving. These tasks were investigated
under contract with JSC during 1978.

Power Combining Analysis

In the rectenna, numerous rectifier circuits share a common DC load
to achieve Oseful power levels. The rectifier outputs can be combined in
series and/or parallel to enhance the voltage and/or current level res-
pectively, with previous rectennas designed with first stage parallel
combining followed by series combining.

A fundamental question in this receiving, rectification and power
combining process is caused by the power taper of the incident microwave
beam. The incident power density can vary by 10 dB over the rectenna
area since a high percentage of the transmitted microwave power needs to
be collected and the power beam sidelobe level must be kept reasonably
low. Since the output (DC terminal) characteristics of the rectifier are
power dependent, rectifiers at different power levels that share a common
DC load cannot be operated at optimum conditions. With individual recti-
fiers near 90% maximum efficiency, the resultant efficiency degradation
could be significant. In this work the efficiency degradation that results
when an array of microwave power rectifiers shares a common DC load was
evaluated for the first time.

In analyzing the degradation, we assume that the output load line or
volt-ampere (V-1) characteristics of each of the rectifying circuits to be
combined are known. This V-I characteristic can be determined by either
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a circuit analysis of the rectenna element, by a computer simulation or
by direct measurement of the output voltage and current for several load
resistances. It is assumed that the V-1 characteristics are a function
of some parameter 6 of the rectenna element (in our case incident RF
power). Given the V-1 characteristics, it is possible to determine the
operating point for maximum power output.

In Fig. 1 we show the V-1 characteristics of two dissimilar rectenna
elements as well as the points at which each of them deliver maximum power
if operating independently. The same figure shows that if the elements
are operated in parallel (common output voltage) or in series (common
output current), they will not operate at their optimum power output and
their combined power output will be less than if operated independently.
We have developed expressions for the power combining inefficiency (re-
duction in output power compared to collected power assuming each recti-
fier operated in its own optimum DC load) for both series and parallel
conbining.(l’z)

In order to evaluate the power combining inefficiency an accurate
output equivalent circuit model of the conversion circuitry is needed.

" This was obtained using two independent approaches. First, an approxi-
mate closed form circuit model of the rectifier was developed assuming an
ideal diode and lossless circuit elements. The output load line was then
obtained analytically. Second, a more precise computer simulation model
was used, and the output eguivalent circuit was obtained by varying the DC
load resistance and plotting the resultant output load line.

We have shown that assuming an ideal diode, the circuit indicated in
Figure 2A has yielded 100% conversion efficiency if L3 - C3, L5 - C5 etc.
form odd harmonic parallel resonant circuits, C] series resonates the
resultant inductive impedance at the fundamental frequency and~RL =
(ﬁ2/8) RS.(I’Z) Figure 2B indicates the more exact computer simulation
model, a reasonable representation of the actual circuitry used in experi-
mental rectennas. The models and the resulting load lines will be dis-
cussed further in the presentation.

When using these models and various assumed power density variations,
we find that parallel combining is marginally better than series combining
and that the closed form analytical model slightly underestimates the power
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combining inefficiency compared to the computer simulation results. Assuming
a uniform power density distridution, the power combining inefficiancy is
1.0% when the ratio of maximum to minimum power density is 2.0 to 1.0, re-
ducing to 0.3% if the ratio is 1.4 to 1.0. This has an important effect on
the design of the rectenna DC power combining network, favoring ring com-
bining rather than row combining particularly near the rectenna edge.

Directional Receiving Elements

A principal advantage of the rectenna concept for the receiver in free-
space microwave power transmission systems is that the effective receiver
pattern is sufficiently non-directional (i.e. beanwidth syfficiently large)
that receiver steering is not required. However in evaluating the require-
ments for a solar power satellite (SPS) with a small orbit eccentricity
in a near zero inclination geostationary orbit, it became apparent that the
half wave dipole separated by & 0.2 A from a conducting ground plane has a
more non-directional pattern than needed. That is the beamwidth of the
receiver pattern at which 1% of the incident power is not received (0.04 dB
beamwidth)* is much larger than the ofi normal incidence due to orbit con-
siderations. Since the rectenna cost is projected to be ~ 25% of the total
system cost, consideration of more directional receiving elements is clearly
desirable.

In most applications fewer RF to DC conversion circuits (favoring
directional elements) and power beam pointing requirements (favoring non-
directional elements) are expected to dominate the direct’«nality issue.

An additional factor with the present GaAs Schottky divde rectifiers and
present SPS design values is that higher RF to DC conversion efficiency is
possible at higher power levels (power density limited by nonlinear inter-
actions in ionosphere and possibly biological factors), thus favoring some-
what more directional elements. An additional disadvantage to directional
receiving elements are more stringent requirements for a stable rectenna
structure and precise element tolerances.

In considering alternate receiving elements at the modest gain enhance-
ment considered desirablr, we focused on the Yagi-Uda element because of

* .
Since efficient power transmission is paramount in the 5PS application,
a 1% beamwidth is more applicable than either the 7 dB or 1 dB beamwidth
used in many microwave applications.
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its simplicity. Including proximity effects in an actual array configura-
tion was beyond the scope of our program. Instead we utilized antenna
performance of isolated Yagi-Uda arrays in arriving at the expected elec-
rical performance depicted in Table 1.(]'3)

Based upon this electrical performance we designed three and six
element Yagi-Uda arrays, with and without ground plane reflector, in
both conventional baseline construction and in printed circuit form. De-
sign of three element Yagi-Uda elements without ground planes are depicted
in Fig. 3. These designs will be discussed further in the presentation.

The resultant costs obtained are in our investigation presented in
Table 2, the trend toward lower cost with increased rectenna element
gain being apparent. As expected, the cost reduction per unit rectenna
area varies between the ratio of element densities (dependent upon effec-
tive area of each receiving element) and the square root of this ratio
(dependent upon linear density of element rows). The net result is
clear: THERE IS A LARGE RECTENNA COST SAVING POSSIBLE BY UTILIZATION OF
MORE DIRECTIONAL RECEIVING ELEMENTS LIKE YAGI-UDA ELEMENTS. In a typical
SPS rectenna there would be ~ 75 km2 area, so that a cost reduction of
S]/m2 is equivalent to a 75 million dollar reduction in capital costs.
Thus savings of 300 to 45C million dollars per rectenna may be possible
with the more directional Yagi-Uda element (capital costs in 1978 dollars).

The comparison between conventional construction and printed circuit
implementation is less apparent. The printed circuit estimates are
based upon less detailed design, but these results do not indicate a sub-
stantial reduction with printed circuit implementation. Only if socket
and DC buss bar cost can be reduced will a large cost advantage result.
These may be possible with careful structural designs requireing less
material usage and low cost manufacturing, 5 mm diameter aluminum buss
bars being assumed in our work. However, the conversion efficiency of
printed circuit implementations wiil be somewhat lower, so baseline con-
struction definitely seems preferred.

We have shown that more directional receiving elements are expected
to lower rectenna costs in free-space microwave power transmission sys-
tems such as the SPS where the microwave power beam is relatively stationary
with respect to the rectenna. Yagi-Uda receiving elements are considered
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most desirable when moderate gains of perhaps 8 to 14 dB (with respect
to an isotropic radiator) are optimum. Yagi-Uda antennas become un-
desirably awkward at higher gain, and alternatives such as short back-
fire antennas should be considered. However it is believed that higher
gain may result in unrealistically stringent power beam-rectenna align-
ment requirements in the SPS.

References

1. R. J. Gutmann and J. M. Borrego, "Solar Power Satellites Rectenna
Design Study: Directional Receiving Elements and Parallel-Series
Combining Analysis", Rensselaer Polytechnic Institute Report under
Contract NAS9-15453 with NASA Johnson Space Center, December 1978.

2. R. J. Gutmann and J. M. Borrego, "Power Combining in an Array of
Microwave Power Rectifiers", IEEE Trans. Microwave Theory and
-Techniques, MIT-27, December 1979.

3. R. J. Gutmaiv: and R. Gworek, "Yagi-Uda Receiving Elements in Micro-
wave Power Transmission System Rectennas", Journal of Microwave
Power, 14, September 1979.

<

| SERIES CONNECTION

PARALLEL
— « = = CONNECTION

— |

Figure 1  OQOutput Load Line for Two Different Rectifiers




V4 )
- ) — o o
Py e
Fg Iy € I U e o4 o Fa
A N P4 -~
AW—m W W e
2
oi L. Z0
v (t) = ) C.. —d— c, —i— ¢ ~d— «Package
& e 1] 13 ay— 15 L Cc
v cos2nft< 3 2 P 02 RL
am c Rs
: P = | V(t) chip
. o . = . o o
e input output '
¢—— antenns eejl¢—— input filter —————j|transmis- j¢—r0 Pg"i’kgged —p|brans- [ output 0y, |
A sion line ode ;:liss:lo filter
ne

Figure 2 Equivaicnt Circuit Models for Microwave Rectifier
(A) ‘Ideal Circuit Model

(B) Rea'istic Circuit Model of Baseline Rectifier

st ©



PR R R TRRENYRIR R

ReFLECTOR

Driven FoLDeD DipoLE

FOREPLANE CORE
CONTAINING
RECTIFIER CIRCU
AND DC Buss

L—£=====i «— DIRECTOR

ITRY

Driven FoLDeD DiPOLE

- @ m me = -
-
-
)
-

- - - - - o o _—_-:

————— REFLECTOR

Figure 3  Three Element Yagi-Uda Receiving Array
(A) Baseline Construction
(B) Printed Circuit Construction



P

Table |

Expected Optimal Performance of Yagi-Uda Recelving Elements

3 Element-Low F/B ratio

3 Element-Moderate F/B ratio
3 Element-High F/B ratio

6 Element-Low F/B ratio

6 Element-Moderate F/B ratio

6 Flement-High F/B ratio

Gain (wrt Isotropic) dB

11
10
8.5
1h
13
11.5

5
15
25

5
15

25

Receiving Element-
Reduction Factor®

2.8
2.24
1.58
5.62
b7
2.82

* Relative to 6.5 dB Half-Wave Dipole Separated by .20A from a Conducting Ground Plane
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A. Printed Circuit Board Implementation

(costs are given ir $/m2\

Half-wave 3 element Vail 6 element Yagl
Dipole with with without without ground plane
ground plane ground plane ground plane (average size)
Tlement Density (-&;5'-) 192 81 123 57
v n
Sccket $ .92 $ .39 $1.12 $ .52 |
DC buss ber 2.78 1.81 2.23 1.55 e
Printed Circuit Board .24 2k ' b2 . ol
Ground Flane 191 _1_2]; =00 .00
Cost/rf $5.85 $4.35 $3.77 $2.51 5
i
Diodes et $.01 each $.9% .82 $1.23 $ .57
Totel Cost/n? $7.77 $5.16 $5.00 $3.08
B. Conventional Type Construction
(costs are given in $/xn2)
Helf-wave 3 element Yegi 6 element Yegi
Dipole with with without withou* groané »le
ground plane ground plane ground dlane
Tlement Density (elgm') 192 81 123 57
o
Tcreplene Core $3.13 $1.47 $2.09 $1.09
tlurinum Shield/ ' i
Structurel Member 2.14 1.40 .2 ' .6l !
vegi-Ude Additions .00 .30 1 . .T6 ;
Ground Flane 1.9 1.9 _.00 00 )
Cost/n® $7.18 $5.08 $3.72 $2.49
Ziodes et $.01 each 1.9 _.&a 1.23 5T
motel Cost/m° $9.10 $5.89 84,95 $3.0% |
Teble 2 Rectenna Cost Estimates (excluding rectenna frame) |
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A THEORETICAL STUDY OF MICROWAVE BEAM ABSORPTION BY A RECTENNA

James H. Ott
James S. Rice
Donald C. Thorn
Novar Electronics Corporation, Barberton, Ohio

ABSTRACT
The results of a thaoretical study of microwave beam absorption by a Rectenna is given. Total absorption of the power
beam is shown to be theoretically possible. Several improvements in the Rectenna design are indicated as a rasult of
analytic modeling. The nature of Rectenna scattering and atmospheric effects are discussed.

A workable Solar Power Satellite system will
depend upon the efficient free-space transmission of
~nergy to earth via an eavironinentally benign micro-
wave beam. The "Rectenna", a large array of dipole-
diode devices which captures and rectifies microwave
power from satellites, embodies an emerging techno%ogy
pioneered by William C. Brownl of Raytheon. Brown
and Richard Dickinson3 of JPL have reported tests on
experimental Rectenna arrays which have achieved
microwave to dc conversion efficiencies exceeding 80%.
However, classical antenna theory tells us that an
isolated dipole must re-radiate as much energy as it
delivers to a properly matched load. Because of a
frequently expressed concern over whether or not
this antenna theory was in contradiction with experi-
mental Rectenna results, Novar Electronics Corporation
undertook the task of developing a theoretical model
which describes the absorption of a microwave beam
by a very large Rectenna., In view of the size and
scope of the SPS program, it is important to theoret-
1cally determine whether a vectenna array o: the
reference system design can totally absorb the power
beam~-that is, produce no scattering. In addition,
it is desirable to study the microwave absorption
process in order to provide a theoretical model
for the simulation of design improvements and, because
of concerns about possible electremagnetic inter-
ference from the rectenna, to obtain additional in-
sights into the rectenna's scattering properties.

Novar's work demonstrates not only that the
theoretical absorption limit is in fact 100% but that
the number of elements required for total absorption
per unit area can be greatly reduced, significantly
reducing the cest of the Rectenna. Results further
indicate that Rectenna panels can be made to totally
absorb at any angle of incidence by adjusting reflec-
tor and element spacing and load impedance. This
suggests a flat or terrain conforming Rectenna
eliminating the need for the '"billboard" or "Venetian
blind" design and esseptially conforming to the
terrain. Also, the screen reflectsr should be
able to be replaced by parasitic reflector dipole
elements.

Deviations from conditions required for total
absorption give v/ 2 to scatterimg, and the resulting
losses due to variations from design center values
for several parameters are shown. The directionality
of fundamental and harmonic scattering from a Rectenna
is described. Among the factors causing scattering
that were studied are microwave beam depolarization
amd amplitude fluctuations caused by disturbances in
the atmosphere. Included in this category is "dif-
fracted signal enhancement', the diffractive effects
of large objects flying over the Rectenna, which can
be expected to cause transient signal increases as
large as 9 dB which must be taken into account in the
rectenna design.

Because of the difficulty in trying to analyze
a large array of interacting dipoles using mutual
impedance analysis, it was necessary to develop another
type of mathematical model descriptive of the microwave

PRECED G t i onsis® N 1ILMED

power absorption process. Two such models were derived
from Maxwell's equations. These models quantify con-
ditions for total absorption of the power beam by a
Rectenna and provide values for scattering losses due
to deviations in each conditiown.

CURRENT SHEET RECTENNA MODEL

The first model is based on the current sheet equiv-
alency of a large planar array above a reflector as shown
in Figure 1. The current sheet has the properties of
resistive absorbers described by Jasik4 and Kraus3. The
model is mathematically characterized by an expression
for the fraction of an incident plane wave's power that
is reflected from the sheet.

Incident Power

Current
Sheet

//r\“/~—1-"\‘~f\_—“_°

™

Intinitely
Conductive
Reflector

o

FIGURE 1
CURRENT SHEET RECTENNA MODEL

This expression, which agrees with Jasik, and for
which no derivation could be found in the literature,
is determined as follows. First, Maxwell's equations
are solved to obtain general expressions for the elec-
tric and magnetic fields in the region above the cur-
rent sheet and in the region between the current sheet
and the reflector surface.

Next, the boundary conditions are satisfied at
the infinitely conductive reflector surface and then
at the current sheet as the thickness of the current
sheet is allowed to become very thin. This yields
expressions for the waves at the surface of the cur-
rent sheet. The expressions are then solved simul-
taneously for the power reflection coefficient, the
fraction of power reflected by the current sheet. It
is expressed by either Equation la or 1b, following,
depending upon the polarization of the incident wave.

*polarization is defined by the relationship of the
incident wave's electric field vector, E, to the plane
of incidence, the plane determined by rays in the
directions of propagation of the incident and reflected
waves. When E is parallel to the plane of incidence,
the wave is said to be parallel polarized. When E
is perpendicular to the plane, the wave is said to be
perpendicularly polarized. (Any other polarization
can be decomposed into a combination of parallel and
perpendicular polarization.)
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Jarallel Polarization

2 2
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o
Perpendicular Polarization
Vile- 2 ’
( R secd - 1) + cot2 ngg cosf)
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o

where:

R, is the resistance of the current sheet in ohms
per square¥ ,

6 is the angle of incidence of the received wave
as measured from the normal,

d is the separation between the current sheet and
reflector,

) is the wavelength,

¢ and p are the permittivity and permeability,
respectively.

The expressions above demonstrate that total
absorption is theoretically possible for normal in-
cidence (8 = 0) when d = A/4 and R, = Vu/e = 377 ohms
for free space. The power reflection coefficient and
reflected power as functions of deviations in R, d,
or 6 from those values required for total absorption
at normal incidence are shown in Figure 2.

The model further predicts that a Rectenna can be
designed for total absorption for beam angles off nor-
mal incidence,f This leads to the possibility of a
Rectenna that can be built to lie flat on the ground
and be essentially "terrain conforming"”. This type of
Rectenna array has several advantages over the "bill-
board" or "venetian blind" construction of the refer-
ence systemt 1) much less excavation is required,

2) there is the potential to suspend the elements
and reflector screen above farms, buildings, etc.,
and 3) 1less scattering is anticipated because ther:
are no "billboard" edges to cause diffraction of the
power beam.

This current sheet Rectenna model provides a
"macroscopic view" of the microwave absorption pro-
cess. Novar has developed a second model which pro-
vides an insight into the role played by the individual
Rectenna elements. Moreover it provides an independ-
ent theoretical confirmation of the ability of the
Rectenna to totally absorb the power beam.

WAVEGUIDE RECTENNA MODEL

The second model quantifies the electromagnetic
modes (fleld configurations) in the immediate vicinity
of a Rectenna element in the Rectenna array and gives
limits for the element spacing which permit total
power beam absorption by preventing unwanted modes
from propagating (scattering). This model is based
on the properties of a special waveguide described
by Whecler® in his analysis of certain aspects of a
large planar array. Specifically, the waveguide has

special "imaging" characteristics and has the ability
to allow only plane wave propagation. The waveguide
18 rectangular in shape with a probe (monopole) in-
serted through the middle of one of the walls. How-
ever unlike “conventional"” waveguides, the two walls
parallel to the monopole are nonconductive and "mag-
netic" (4 » =, g = 0), with the other two walls being
perfectly conductive (0 = »), When we solve the
equations describing the nature of wave reflections at

2
ol
]
0.002 - "0
Reflected Power
@ 8 GW incident
. 0.000- ]
Y ~ a3y % [ ]
-10 - (] s 10
Iimpedance Miemasch (2/1)
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“w
0.01 .0
Reflected Power
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FIGURE 2
POWER REFLECTION COEFFICIENT AND REFLECTED
POWER LEVEL OF THE CURRENT SHEET RECTENNA
MODEL AS A FUNCTION OF VARIOUS PARAMETERS

*Resistance per square is the resistance between
opposite edges of a square slab of resistive material
and therefore is independent of the size of the square.

TWith A fixed, and given any 0, there is an R, and
d such that [p|? = 0.
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the walls, it is found that a monopole in this type of
vaveguide, which we will call a "mixed-wall" waveguide,
produces an infinite array of image dipoles with cur-
rents of identical magnitude and phase as depicted in
Figure 3.* Conversely, an infinite array of identical
dipoles with currents of identical magnitude and

phase can be replaced by a single monopole in a mixed-
wall waveguide to analyze the behavior of a dipole as
illustrated by Figure 4., Since the power heam is
nearly uniform in power density over quite a large
area, dipoles within a fairly large arbitrarily
selected area of the Rectenna will have currents
nearly uniform in magnitude and phase which can be
closely approximated for that area by an infinite
array. Thus the behavior of a dipole which defines
the center of this area can be accurately mcieled by
the behavior of a monopole in a mixed-wall waveguide.

S A A i 4
% i : i i
i i ! ' i
' i e ey 4 !
b ' / } B '
Waveguide - P S
t\_..¢/z/ g ®m
Monopole . _ - —p B (e = ¢ +-3
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A TQT 7 /oA g =y A
4 T H / . H
} v b Sg ST i ;
i L Pl : ;
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—— -3

)
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>
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FIGURE 3

IMAGING PROPERTIES OF MIXED-WALL
WAVEGUIDE WITH MONOPOLE

The first step in analysis of this monopole's
behavior is to determine what modes can propagate in
the mixed-wall waveguideTand under what conditions.
We want the TEM mode to be the only mode that can
propagate. This TEM mode is the same field configur-
ation as that of the power beam, i,e., a plane wave.
If other modes propagate, scattering 1s taking place.
Since the side walls of a mixed-wall waveguide as
shown in Figure 3 are non-conductive and "magnetic",
the mixed-wall wavepuide is similar to a strip-line
for the TEM modes, Thus this waveguide will support
the TEM mode at the power beam frequency independent
of the waveguide dimensions.

Next, the properties of the mixed-wall waveguide
for the higher order modes are derived in order not
only to determine the conditions required for their
evanescence but also to allow us to describe the near
fields around the monopole. To do this, Maxwell's
equations are solved to obtain wave equations which
are then modified by mathematical decomposition to
put them into an efficient form for solution. The
wave equations are then solved to obtain general
equations for the magnetic and electric fields in the
mixed-wall waveguide. These equations are functions
of pairs of integers, one integer of which is associ~
ated with the "a" dimension in Figures 3 and 4, and
the other with "b". Specific values for the inte-

gers in a pair defines a mode. The higher order
modes have either transverse magnetic or transverse
electric fields. These are respectively designated
the ™fg and the TEpy, modes, where f and n are
0,1,2,3,...; g and m are 1,2,3,....

d J ] I
A

| S I R
T
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FIGURE 4

SECTION OF INFINITE ARRAY OF DIPOLES MODELED BY
A MONOPOLE IN A "MIXED-WALL" WAVEGUIDE

Inspection of the mode equations shows that the
lowest cutaff frequency for higher order TM modes is
associated with TMy; and that for the TE modes is
the TEjg. This means that at a given frequency the
smallest critical dimensions for propagation are
associated with those two modes. The next larger
critical dimension is associated with the TEjg.

The TEj(p mode is actually non-existent in our
mixed-wall waveguide/monopole configuration because
it is not generated when the monopoie is located in
the center of this special type of wavegulide®*® This
results in the critical dimensions fo; higher mode

*Analogous to the study of optical reflections from
mirrors, the "method of images" shows that the fields
within the mixed-wall waveguide boundaries are the same
as though there was no waveguide but only the monopole
and an infinite number of identical magnitude and
phase images.

TModes, which are the various field configurations
that can exist within a waveguide, have the property
that for a given frequency they are evanescent (non-
propagating) for waveguide dimensions less than certain
critical values, which are called "cutoff" dimensions,
and can propagate for any dimensions greater than those
values. Each mode has its own set of cutoff dimensions.
Conversely, for a given set of waveguide dimensions,
there is a critical frequency for each mode (called
the cutoff frequency) below which the mode is evanes-
cant and above which it can propagate.

YTransverse means no component in the + z direction
in Figure 3.

¥**Note that "mode-hopping", the generation of modes
due to waveguide imperfections, is not a problem here
because the waveguide is assumed to be ideal.



propagation being determined by the TMy) and the

TEpg- Specifically, for evanescence of all higher
modes, those critical dimensions restrict the wave-
guide dimensions to be less than one wavelength in

the "a" direction and less than one half wavelength

in the "b" direction. (This is equivalent to a
Rectenna element spacing of just under one wavelength.)

The total electric field, E, and the total mag-
netic field, H, in the mixed~wall waveguide are each
sums of the various field configurations or modes that
exist in the waveguide. Now E and H are vector sums
of respective field components in the x, y, and z
directions of Figure 3. Thus for " + z directed”
field components, E and H can be represented by the
equations given in Table I, where Amn and Bg, are
respectively the maximum amplitudes of Hj an§ E,,
Koo is the maximum amplitude of the H field of the
TEM wave, The a's and R's at the bottom of the
table are respectively the real and imaginary parts
of the expressions shown for the Y's. The terms
involving double summations represent the “sums of
the higher order modes". The leading terms in the
equations for Ey and Hx are the equations for the
TEM mode. If the higher order modes are evanescent,
then the double summation terms are components of
the fields associated with reactive power.

If a reflector or shorting plate is inserted in
the waveguide behind the monopole, as shown in Figure
5, the situation is equivalent to the infinite array
of dipoles in Figure 4 being backed by a reflector.

A set of equations analagous to those in Tible I can
then be generated for the "-z directed" field com-
pone...~ of the waves reflected from the shorting plate.
Summing the +z and -z directed field components in the
neighborhood of the monopole gives rise to a set of
equations of the same form as those in a conventional
wavegulde backed by a shorting plate. These equatiodns
establish matching requirements on the monopole and
load impedances and spacing of the monopole from the
shorting plate so that the non-evanescent wave does
not propagate back up the waveguide toward the source.
Since it is well known that a probe in a conventional
waveguide backed by a shorting plate can totally ab-
sorb all power flowing down the waveguide7, it is
therefore expected that a probe (monopole) in a mixed-
wall waveguide can also totally absorb all power
flowing down that type of waveguide. Therefore total
absorption of the plane wave power beam by a dipole in
a Rectenna is expected when the separation between
dipoles is within limits dictated by the mixed-wall
waveguide model's dimensions which restrict propa-
gation in that waveguide to the TEM mode.

Since the waveguide dimensions which restrict
propagation to the TEM mode is less than A in the
"a" direction and less than A/2 in the "b" diiection
of Figures 3 and 4, and since the separation between
the centers of the dipoles is "a'" by "2b" as can be
seen from Figure 4, then the maximum allowable sep~
aration of the centers of dipoles for total absorp-
tion of a plane wave, for the rectangular grid
configuration of Figure 4, is just under one wave-
length.
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TABLE

ELECTROMAGNETIC FIELD EQUATIONS
FOR A MIXED-WALL WAVEGUIDE

Equations shown are for total "' + z directed”’ portion af the field
components in a mixed-wall waveguide. With appropriate sign changes,
equations express the ' — z directed’’ components.

p Jwumn mrx mny -u'm
08 —— COS8
z Amn cos a b e

351:




»h

ke

+2  (Direction of enengy
fow down weveguide)

T

\-Jm. Plste

FIGURE &

MONOPOLE IN MIXED-WALL WAVEGUIDE
BACKED BY SHORTING PLATE

ELEMENT DENSITY

The existence of non-evanescent higher order
modes corresponds to the existence of grating lobes.
Analysis of the generation of grating lobes indi-
cates that the maximum separation between dipole
centers for avoidance of grating lobes with the tri-
angular grid configuration used in the Reference
System is just under 1.15A. It is understood that
the present separation between dipole centers in
the Reference System is just unver 0.6A, The
number of Rectenna dipole-diode elements needed
for total power beam absorption can be signifi-
cantly reduced over the number needed for the
Reference Systems as shown below.

NUMBER OF DIPOLE-DIODE

ELEMENTS REQUIRED

(NORMAL INCIDENCE)
Reference System Design 18 billion
Triangular Grid Configu-
ration With Maximum Allowable
Dipole Spacing 4.5 billion
Rectangular Grid Configu~
ration With Maximum Allow-
able Dipole Spacing 5.2 billiion
In additon, greater diode efficiency is indicated when
the number of Rectenna dipole elements is reduced
since the power density per diode is higher,

PARASITIC REFLECTING DIPOLES

Total absorption of energy by the monopole in a
conventional waveguide requires that the shorting
plate in the waveguide by approximately a quarter
wavelength behind the monopole. This distance is also
expected to be proper for the mixed-wall waveguide.
Since the shorting plate corresponds to the Rectenna
reflector, and since it is expected that the shorting
plate can be replaced by a parasitic reflecting mono-

::li: //j::r--"“\~\~‘_____:zs>j:_;___E;;E%i):

pole as can be done easily in a conventional wave-
guide and still totally absorb the energy traveling
down the waveguide, then the Rectenna reflector
should be replaceable by parasitic dipole elements,
as depicted in Figure 6,

e
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FIGURE &

RECTENNA WITH PARASITIC REFLECTING
DIPOLE ELEMENTS

HARMONIC FILTER

None of the preceeding analysis permits the dipole
terminals to see a non-linear load for total absorp-
tion. What is required in a Rectenna element for
total absorption is a harmonic filter, as depicted
in Figure 7, that presents a linear load to the
dipole terminals at the fundamental frequency such
that the load voltage and current seen by the dipole
are pure sinusoids not in phase quadrature, i.e.
that the linear load has a real component.

Harmonic .
Dipole —< Filter Load
(Diode}

b et

b
lew,

FIGURE 7 -
RECTENNA ELEMENT HARMONIC FILTER

FUNDAMENTAL SCATTERING

Specular scattering of the power beam, depicted
in Figure 8, is expected to result from most deviations
in the Rectenna's parameters. The smaller the devia-
tion anomaly, the brnader will be the specular lobe.
Single, isolated element failures (short or open
diodes) will appear to radiate as isotropic sources
above a reflector.




¢ Edge View of
Rectonns

FIGURE 8

DEPICTION OF SPECULAR SCATTERING
FAOM FACE OF RECTENNA

-Frequency is the power beam fundemental

HARMONIC SCATTERING

The Rectenna dipole-filter~diode assembly and
power bus are expected to be most significant sources
of harmonic scattering. The harmonic energy will be
concentrated in grating lobes, as shown in Figure 9.
Random Rectenna imperfections will broaden the lobes.

ATMOSPHERIC EFFECTS

Atmospheric phenomena cause polarization shifts
and amplitude fluctuations in an electromagnetic wave
at microwave frequencies 8,9,10,11,12,13, However,
only infrequent depolarizing events up to 20 dB (1%
scattered power) have been observed in microwave down-
link transmissions with greater than 10 meter aper-
tures. Based on these observations, depolarization
is not expected to be a significant source of scatter.

Amplitude fluctuations cause scattering by dis-
rupting the uniform illumination of the Rectenna. In
addition, this disruption of the RF power level from
design values for the diodes causes impedance mis-
matches resulting in further scattering. Existing
earth-spaze propagation measurements to date

2nd Harmonic

Element

— \6 o Sl
- 4 k1A
FIGURE %a
EXAMPLE £_F ELEVATION OF HARMONIC RADIATION
Figure depicts 2nd h i ing for

normal incidence of power beam when the
slement spaciry; is equal to ) at the
fundamental freyuency.

indicate a maximum of 0.1 dB amplitude fluctuations
for 2-3 GHz af. elevstion angles above 200 (which
would cause insignificant scattering).

There are factors which impair the apoliiation
of previous earth station measurements to the $PS,
In all studies found, there is significant aperture
averaging. The minimum aperture area for those
studies is about 500012 as compared to about 13
or s0 of each "independent" receiving element in
the Rectenna. This indicates that the amplitude
fluctuations may be appreciably greater than 0.1 dB
for the Rectenna. Another factor is that the
measurement data, taken at C and S bands, were
obtained from modulated signals. Most deep fades
are frequency sensitive. Therefore for modulated
signals, which have their power spread over a
spectrum of frequencies, the observed amplitude
fluctuations would be expected to be less chian
those of the monochromatic SPS power beam.

As of this writing, Novar Electronics Corporation
intends to receive, at its earth station located in
Summit County, Ohio, special monochromatic calibration
signals from RCA's new F3 Satcom¥ in order to observe
aperture averaging effects and monochromatic signal
fading characteristics. Aperture areas of approximate-
1y 12001 and on the order of 1A2 will he used to com-
paratively receive the signals (whicii zre transmitted
for satellite installation test purposes tn determine
EIRP countours).

*Scheduled to be sfationed in orbit at the end of
December, 1979
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FIGURE 9b
AZIMUTHS OF HARMONIC RADIATION

'Duatzi’’ lobe due to power bus.

GRATING LOBE NATURE OF HARMONIC
SCATTERING FROM A RECTENNA
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DIFFRACTED SIGNAL ENHANCEMENT

A large object flying through the power beam over
the Rectenna causes diffraction patterns to be gener-
ated at the Rectenna as depicted in Figure 10. Pre-
liminary experimental cvidence has been obtained.
Bepending on the size and shape of the object, in-
creases in signal levels as large as 9 dB are possible.
Therefore, Rectenna diodes should have tolerance to
the resulting spot-transient signal enhancement to
protect against overvoltage transients from fast air-
craft and also against diode overheating from slower
objects.
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FIGURE 10 - ) T e
DIFFRACTION ENHANCEMENT AT RECTENNA
CAUSED BY OBJECT FLYING THROUGH THE
POWER BEAM

CONCLUSTONS

Analytic modeling shows that it is theoretically
possible for a Rectenna to totally absorb microwave
energy, il.e., produce no scattering. The number of
elements required is significantly less than indicated
in the Reference System. The Rectenna can be designed
for total absorption at off-normal angles of incidence

and it 1is expected that the Rectenna's reflecting screen

can be replaced with parasitic reflecting dipoles.

Further space-earth transmission studies are
required. The application of existing data to the
SPS 1is impaired because these were from measurements

of modulated signals received by large aperture antennas,
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RECTENNA ARRAY MEASUREMENT RESULTS

Richard M. Dickinson
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Pasadena, CA 91103

ABSTRACT

The measured performance characteristics of a rectenna array are reviewed
and compared to the performance of a single element. It is shown that the
performance may be extrapolated from the individual element to that of the
collection of elements.

Techniques for current and voltage combining have been demonstrated.
The array performance as a function of various operating parameters is char-
acterized and techniques for overvoltage protection and automatic fault j
clearing in the array have been demonstrated. A method for detecting failed |
elements also exists.

Instrumentation for deriving performance effectiveness is described.
Measured harmonic radiation patterns and fundamental frequency scattered
patterns for a low level illumination rectenna array are presented.

INTRODUCT ION

Prior to a definite coomitment for a significant application of Beamed
RF Power, performance characteristic data must be obtained for use by design
engineers and systems analysists., The operating performance of a rectenna
array under various conditions of load, RF power input level, temperature,
polarization, angle of incidence, state of maintenance, and frequency is
required. Fundamental performance factors are the transfer efficiency, relating
dc power output to available RF power input, and the level and distribution of
scattered fundamental and emitted harmonic radiation from the array. Secondary
performance factors are the output voltage and converter temperature. 1he
existing measured performance data on rectenna arrays will be reviewed and
recent results will be discussed.

MEASURED RECTENNA ARRAY PERFORMANCE

High efficiency (greater than 50%) rectenna array characteristics were
documented in Ref. 1, for the condition of highest collection-conversion
efficiency performance associfated with a demonstration of overall system end
to end dc transfer efficiency. The array consisted of 199 half wave gallium
arsenide Schottky barrier diodes connected to half wave dipoles through a two
section low pass filter projecting through a flat solid ground plane. The
elements were arranged in a triangular lattice whose outline configuration was
a hexagon. The collecting area per element was about 52 cm2. The incident
flux density ranged from 203 mW/cm2 to 2.5 mW/cm? in a gaussian distribution
over the aperture of the array. (A 19 dB taper.) The dc load collection
consisted of 21 separate concentric rings of adjustable resistances tailored
to the ring radius. A one tenth wavelength dipole probe in front of the
array measured about 1,11 to 1 VSWR on axis under matched conditions.
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The peak collection-conversion efficiency of an individual element was
measured as 87 + 1.5%, whereas the average efficiency of the entire array at
approximately 0.5 KW output dc power was 82.7% of the available RF power
incident upon the array (not counting the estimated 4% spillover energy).
The array transfer efficiency decreased less than 2% for a 16.7% decrease
in RF input power level.

The next large rectenna array was tested at Goldstone, CA (Ref. 2) and
consisted of 4590 elements arranged in 17 subarrays of 270 elements each
arranged in a triangular grid pattern. The subarrays were grouped in a three
column arrangement with the top center subarray absent, as shown in Fig. 1.
Fig. 2 and 3 are of the array performance characteristics and capabilities
for use of the instrumented output data. The measured performance can in
general be accurately predicted from general transmission line reflection
coefficient theory as concerns the load variations, and the polarization and
angle of incidence performance follows array theory. Computer models (Ref. 3,
4) for the diode and associated RF circuitry are able to predict the element
performance as a function of the input RF amplitude, however, the array per-
formance {s poorer than predicted in most cases, by a few percent. This may
be due to the effects of mutual coupling in the array, which are not modeled
in a single element analysis. Nevertheless, over a 10 dB range of input
power density, the rectenna array performance may be adequately predicted
within a few percent, based upon measured diode characteristics.

Figure 4 compares the transfer efficiency performance of u single element,
the average element in a subarray of 270 elements, and the average element in
and array of 4590 elements over a 6 dB range of RF power density input. The
performance of a large array may be extrapolated with confidence from the
single element.

CURRENT AND VOLTAGE COMBINING AND PROTECTION

Figure 5 shows the wiring diagram of one of the 270 element subarrays.
By insulating the dc buss from the subarray frame the paralleled rows of
rectenna element outputs may be seriesed in order to raise the output voltage,
w?ile still presenting an adequate output impedance level to the individual
element.

The subarray rows are self-clearing of short circuited diode faults by
the fusing open of the one mil diameter gold bond wires in the packaged diodes
under the combined short circuit current developed by 45 rectennas in parallel.
The failed elements may be detected while operating by the increased reflected
power at a VSWR probe over the element, or alternatively while the array is
inoperative, by briefly individually illuminating each element while monitoring
the dc output (termed “sniffing").

Overvoltage protection from loss of load, excessive RF input level or
interruption of input, was accomplished in the Goldstone tests by the self
actuated crowbar in Fig. 5. A voltage limiter would be less traumatic for
the load than a crowbar however.

INSTRUMENTATION

Fig. 5 also shows the isolated load central element for a subarray,
that is used to provide a measure of the input RF power flux density. An
RF shielded thermistor is employed to measure the temperature of the central
buss bar in the subarray. Calibrated shunts and precision voltage dividers
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were employed to sample the output current and voltage levels. A fixed track,
movable probe positioned in front of the subarray to measure the reflected
power would be an expensive, but useful instrument to monitor the subarray
performance under varfous operating conditions. It could be integrated into
a sniffing and maintenance positioning assembly perhaps, that travels over
the array surface.

SCATTERED FUNDAMENTAL AND RADIATED HARMONIC CHARACTERISTICS

Figure 6 shows a 42 element rectenna array undergoing pattern recording
of its emitted harmonics as a function of various operating parameters. Fig-
ures 7 and 8 show the measured harmonics and the scattered fundamental patterns
for certain conditior... These patterns are typical for a wide range of para-
meters. The sfignif’:.nt facts are that the scattered fundamental s distributed
over a broad range ot angles, and that the fourth harmonic is of higher magni-
tude than the third harmonic. The array was underexcited due to equipment
limitations, with the peak RF to dc conversion efficiency being only 35%,
however the results are expected to be applicable to a normally functioning
array. Future designs will probably require more filtering of harmonics in
order to control them and permit the array to meet applicable radio regula-
tions (Ref. 5). The scattered fundamental frequency radiation may be con-
trolled to a degree by varying the dc load value, the incident flux density
level, or the dipole to ground plane spacing, each of which affects the
impedance match of the array, and thus provides a potential parameter for
control of the reflected fundamental magnitude. Figure 9 shows the variation
in ?fgiciency and dc power output for a particular subarray as the spacing is
varied,

The RF frequency could also be varied to effect an impedance match. Fig-
ure 10 shows the bandwidth measurements for the 42 element array for two
different illumination conditions. Such a design characteristic would have
to be integrated with the harmonic filter design also.

CONCLUSIONS AND RECOMMENDATIONS

Adequate theory and design information exists that has been compared with
full scale measurements, to provide engineers and systems analysts with the
characterization of rectennas performance to within the order of a couple of
percent. Particularly for high power level c¢f incident flux uens.ty applica-
tions. The data for scattered fundamental and emitted harmonics could use
some theoretical modeling to gauge the preliminary measurements. Also, band-
width analysis and modeling for degraded modes such as partially obscured
apertures and inadequate maintenance or repair need to be undertaken to round
out the rectenna complete characterization.

Refinements such as automatic feedback control of rescattered fundamental
by changing the ground plane spacing or load, frequency, or incident power
density should be studied to evaluate their effectiveness and life cycle cost
in meeting applicable radio regulations.

It should be stated that the above conclusions are based principally on
measured results of half wave dipole arrays, and some of the conclusions are
applicable to other elements such as yagis, only if the same array character-
istics can in practice be achieved. The stipulation applies to any high gain
element array.
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Better harmonic filtering and active dc 1oad management within a tapered
density array along with an efficient and effective overvoltage limiter need

to be developed, along with rapid repair techniques also.

Long life environ-

mental protection is s .111 a continuing requirement for certain applications,
along with 1ight weigh. and waste heat dissipation for space and high alti-

tudes.
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MICROWAVE POWER
TRANSMISSION SYSTEM
WORKSHOP
SESSION ON SOLID STATE

INTRODUCTION

"Why shouid we study‘ a solid state SPS" is a valid question and one
that w2 do not have a complete system answer for at this time. The first chart
is an attempt to list some of the reasons a solid state SPS lshould be investigated.
Solid state is no magical solution to SPS designs but it does attack three very
important aspects of SPS - the potential for low cost through mass manufacturing

techniques that are well established, reliability, and essentially maintenance

free operation. Solid state was not considered in the original Raytheon study
for LRC in 1975 on the microwave system. Low efficiency and power levels of
a kilowatt or larger made them unatrractive for SPS, NASA decided to investigate
the possibility of a solid state design that incorporated a much lower device power
requirement. A design was developed requiring 120W devices or amplifiers which
appeared more reasonable but still very difficult for S-band. |

The next step was to determine if solid state devices could potentially be
highly eff:.i.nt. An analytical approach was selected to investigate this potential.
Dr. Roulston of Waterloo University performed the analysis and indicated there were
no fundamental limitations cn the efficiency of solid state devices. Further study
by the systems contractors and NASA has produced two concepts that will be
given a more detailed systems analysis. These concepts produced amplifier power

requirements of 5 to 30 watts. One concept simply substituted a solid state
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antenna for the reference Klystron antenna. The other concept producei an

entirely new SPS conceptual design and was called a solar cell solid state
sandwich design. Both of these designs will be discussed by other summaries
in this section. However, it should be noted that all solid state designs have
thus far been characterized by larger antennas, smaller rectennas, and less
delivered power than the SPS reference concept. There is no solid state
reference concept at present because of the systems analysis on solid

state concepts is not complete. Much data has been generated by numerous
sources on the solid state concepts. The following summaries in this section
are just representative of the study effort. Thus far Rockwell, Boeing, Raytheon
and RCA have been directly involved in the solid state studies. The last two
charts list the preliminary conclusions and issues related to this solid state
study effort. Solid state continues to be a viable alternative to the reference
Klystron concept and is included in the six year planning document (Ground

Based Exploratory Development - GBED) now being finalized.
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MSFC SOLID STATE ACTIVITY

WHY SOLID STATE

HIGHER RELIABILITY THAN TUBES
( - 105 HOURS vs. 104 HOURS)

TECHNOLOGY BASE

POTENTIAL FOR LOW COST

SYSTEM COSTS OPTIMIZES AT LOWER POWER OUTPUT
AT UTILITIES (1.0-1.5 GW)

POTENTIAL FOR REDUCING FRONT END COST

MORE EASILY ABAPTABLE TO FLIGHT/GROUND TEST
START-UP - SHUT-DOWN
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SOLID STATE CONCLUSIONS

Solid state SPS concepts have not had the same depth of systems definition
;s]%heireference concept; however, preliminary results indicate the
ollowing.

4. The system sizing parameters optimize such that lower power is
delivered to the utility grid.

b. The transmit antenna is larger primarily because of the thermal
1imitations.

¢c. The rectenna land requirement is smaller.
d. Weight per delivered kilowatt is projected to be more.
e. Maintenance projections are better because of the higher reliability.

Type of Power Amplifier - Based on studies to date, the GaAs FET is the
preferred solid state power amplifier.

Antenna Unit Costs - Solid state antennas will have high parts count
similar to the solar array, and therefore unit costs are a critical item.

Mitigating Designs - Conceptual designs have to some degree mitigated the
Tssues of thermal and loy voltage power distribution.

Items of Concern - Techniques of phase distribution, (possibly to more
points on the array), and power distribution (on the end mounted con-
figuration more DC-to-DC converters are required) are major items of
concern in the solid state concept.

Technology - Associated technology development is more likely for solid
state due to the advancing technology base.

Continued Investigation - Based on current findings, continued investi-
gation ot sol1d state concepts and issues is warranted.

25¢




SOLID STATE ISSUES

Efficiency

Operating Temperature

Low Voltage Diétribution
BEarmonic Noise Suppression
Power Combining

Subarray Size

Monolithic Technology_

Life Time

Mutual Coupling

Amplifier gain

Input to Output Isolation

Charge Particle and UV Radiation Effects
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{ MODIFIED REFERENCE SPS WITH SOLID STATE TRANSMITTING ANTENNA

G. R. Woodcock, B. R. Sperber, Boeing Aerospace Co,
1.0 INTRODUCTION

The motivations for considering solid state microwave power amplifiers for
the solar power satellite transmitting antenna have been the possibilities of greatly
increased system reliability due to elimination of electron tube cathodes, a lower
mass per unit power and transmitting array area due to the high power densities ob-
tainable in semiconductors (the active region of a power GaAs FET has a power density
exceeding 1015W m-3!), and, probably, cost savings due to development of small hardware
items that can be handled by individuals instead of organizations.

In order to provide a fair assessment of where we stand today with regard to
solid state SPS technology, the design described here is close to that of the NASA/DOE
reference and is implemented using today's solid state technology with only a small
"push." The small push is raising the efficiency of DC-RF conversion from the .68
obtained by RCA in 1975 to somewhat over .8 of the solid state SPS. This is gencrally
considered feasible by semiconductor industry representatives.

Other solid state SPS configurations can yield somewhat better performance.
However, these generally do not provide as fair a vehicle for comparison with the
reference and usually also incorporate somewhat more advanced technologies.

2.0 SOLID STATE MICROWAVE POWER AMPLIFIER TECHNOLOGY

Currently a wide variety of solid state devices suitable for use as microwave
amplifiers exist. These include bipolar and field effect transistors, many types of
two-terminal devices (tunnel, Gunn, IMPATT, BARITT and TRAPATT diodes) and electron
bombarded semiconductors (EBS). (EBS have been included as being solid state since
the electron beam only supplies a small control current, with the bulk of the supply
current staying in the semiconductor.) For those active devices with over two
terminals, there are several classes of circuit configurations that the active devices
may be used in. Finally, there is a growing number of commonly used solid state materials

out of which components may be fabricated, using several types of process at each step
of the fabrication.

State of the &rt power-added efficiency, gain and single device power as a
function of frequency for various types of CW microwave output solid state devices are

shown on Figures 1 through 3. As technology evolves the curves will move towards the
upper right-hand corners of the graphs.

Given the results of Figure 1, it would appear that there is no hope of achiev-
ing efficient solid state DC-microwave conversion in the near future. All the two
termminal devices have efficiencies less than .36, which is so low as to make their use
for SPS impractical. Most of the three terminal devices are not much better. However,
in the case of three-terminal devices, the classes of amplifiers presently used
(Classes A and B for GaAs FETs and Class C for bipolar transistor amplifiers) inherently

1imit their efficiency. Otker classes of amplifiers, summarized on Figure 4, can have
efficiencies approaching unity.

asg




159

N O P
SRS e . Lt

In fact, to achieve the desired efficiencies of .8 or greater requires that the
devices be used in "switched mode" types of amplifiers, which attain high efficiency
by minimizing the I-V product time integral over the operating cycle. This generally
require device switching times about a factor of ten less than the RF period. Experi-
mental amplifiers with efficiencies of over 90% have been buiit at frequencies aiLove
100 MHz. NASA-sponsored microwave amplifier studies have recently been initiated to
determine the feasibility of high efficiency at microwave frequencies.

Because of the many high frequency components in the waveforms characteristics
of fast switches, efficient switching amplification devices must have large bandwidtiis.
This leads to different device noise properties than those at the narrowband SPS rererence
system klystron tubes. While the switching amplifiers do have frequency selective out-
put circuits that transform the switched waveform into a sine wave, these will not be
nearly as selective as a 5-cavity klystron. However, the solid state design will benefit

due to its small module size giving a larger ground footprint than that of the larger
klystron module.

Achieved device gains vs frequency are shown on Figure 2. There is a striking
difference between small-signal and power gain for FETs. At the SPS frequency of 2.5
GHz bipolars have about 8 db gain while GaAs FETs yield around 10 db. In general,

GaAs FETs have several db more gain than bipolars throughout the spectrum. As for the
other devices, IMPATTs can have gains of over 20 db and electron beam semiconductors
are projected to yield about 20 db. The low gain of Static Induction Transistors (SITs)
at 1 GHz eliminates them from consideration at present, although they appear to have
great potential for further development due to their high power bandwidth product.

The power per device is an important SPS parameter since the number of devices
which can be efficiently combined in a module is limited by circuit losses and the
power per module determines the RF power density per unit transmitting array area. The
single device power chart (Figure 3) shows that silicon bipolar tramsistors, GaAs FETs
and multi-mesa IMPATTs can all handle powers above 10 watts, which is an adequate power
level for SPS application. Of the devices considered here, only E-beam semiconductor
devices are capable of generating & power level of 100 watts per device which would be

adequate for one device per radiating element. For the other devices, power combining
will be necessary.

The fundamental failure modes in semiconductor devices are wearout failure
modes that tend to be concentrated at surfaces, both internal and exposed, and are
generally electrochemical in origin. In the case of che internal surfaces, transport
of species to and away from interfaces eventually degrades cont <ts. In the case of

external surfaces, impurities can come in from outside to form compounds and high electric
fields can cause breakdown.

EBS c¢2thodes presently have an expected lifetime of 2x10% hours, over an order
of magnitude less than that required for a 30-year satellite, so they appear unsuitable.
The two remaining solid state amplifier candidates are GaAs FETs and Si bipolar transis-
tors. Si bipolar lifetimes are {imited by electromigration of emitter finger metalli-
zations due to localized high current densities. This gives relatively sudden and '
complete hard (open or short circuit) failures, whereas GaAs FETs seem to suffer from
contact degradation which decreases performance gradually.




Of the three terminal devices, GaAs Field Effect Transistors (FET's)
and Si-bipolar transistors provide approximately equal power capability at 2.45
GHz and appear potentially feasible for SPS use. GaAs FET's were selected as
the preferred DC-RF conversion devices because they have higher gain than silicon
bipolars, higher power added efficiencies, roughly equal power capabilities at
2.5 GHz and Tower device metallization current densities leading to better
expected reliabilities. GaAS FET's for SPS application could be fabricated
separately and mounted in hybrid fashion or combined with other components on larger
GaAS chips in integrated circuits. The latter alternative is preferred because of
its significantly lower costs in mass production, although it does entail somewhat
more development. For conservatism and in consideration of the fact that efficient
"switched mode" amplifiers require gain at frequencies higher than the fundamental,
the maximum single device powers in the solid state baseline design satellite were

chosen to be 7.5 watts. For devices like this, a reasonable operating voltage is
15 volts.

A current small signal GaAS FET lifetime versus temperature curve is shown
on Figure 5. There is currently no lifetime data on power GaAS FET's in the litera-
ture. When it appears, it is likely to be somewhat worse than Figure 5., but Figure 5
probably represents lifetimes achievable with development of the relatively new GaAs
FET technology. It should be noted that solid state devices fail with log-normai
statistics. Since the SPS failure criterion is loss of 2% the transmitting array with
no maintenance, the mean time to failure required for the device is about a factor

of ten more than the SPS life. Thus the average junction temperature for SPS GaAS FET's
should be no higher than 140°C.

Figure 6 shows current and projected GaAS FET costs with an estimated 70%
praduction rate improvement curve (i.e., units produced at the rate of 2n per year
cost 70% as much as units produced at the rate of n per year). For the anticipated
projected rates, the cost per unit power for GaAS FET's are nearly the same as the
projected cost per unit power for klystrons. In practice, integrated circuits with
sevrral stages of driver amplifiers and other circuitry will be incorporated with
the power amplifier. Since production costs are roughly equivalent to chip size and
the output FET is anticipated to use approximately 70% of the total semiconductor
area, the above cost estimates are adequate to first order.

3.0 SOLID STATE ANTERNA MODULE INTEGRATION

Cost effective integration of the low power, low voltage solid-state
devices into mass producible antenna array elements represents the prime challenge in
solid-state microwave power transmitter design. The "natural"” array element size
of about a wavelength squared and radiative cocling considerations for the peak
microwave density aregs at the transmitting array center yield 11 devices per A2at an
anticipated 5.5 kwm™ radiated microwave power per unit area. For central array
modules of the modified reference sclid-state SPS both a small module size and

combining of several devices were used to get the 4-FET .61 x .6) microstrip cavity
combining module shown in Figure 7.

To avoid the power combining losses associated with circuit hybrids, the
power from 4 solid-state amplifiers is combined by direct coupling of each ampli-~
fier's output to the radiating antenna structure. The resulting savings in trans-
mitter efficiency range from 4% to 10%, depending upon the configurations being
compared. The selected power-combining antenna consists of a printed (metallized)
microstrip circuit on a ceramic type dielectric substrate which is backed by a
shallow lightweight aluminum cavity which sums the power of four microwave sources.
The antenna behaves like two half wavelength slot-line antennas coupled together via a
common cavity structure. Feedback is taken from sampling probes in the module
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cavity and used to correct for amplifier phase errors. This insures that the in-
sertion phase of each module is identical even though the power amplifiers are fab-
ricated to relatively loose (low cost) insertion phase requirements.

The modules are fabricatcd by starting with metallized (microstrip) 25 mil
thick alumina dielectric cards which are attached to a 7.5 mil thick aluminum sheet
metal carrier, A 7.5 mil thick :tamped aluminum back plate is then attached, covering
the substrate and all circuit coiiponents. This back cover defines the aitenna cavity
as well as shielding the otherwi.e exposed electronic components on the substrate.

The high thermal conductivity of the aluminum components and of the alumina substrate
allows the module's waste heat to spread to all surfaces as evenly as possible.

For the lower power density areas of the array an alternate dipole radiator
module configuration is proposed. (See Figure 8.) This module design is approxi-
mately a third the mass per unit area of the 4-FET cavity radiator module because it
has nearly no ceramic and significantly less metallization.

4.0 ANTENNA INTEGRATION

Variations of the basic cavity radiator and dipole radiator modules have been
used to define a 1.42 km diameter transmitting antenna with a 9.54 db 10-step Gaus-
sian taper similar to that of the reference SPS. Since its peak transmitted power
per unit area is % that of the reference satellite, its grid output power is half
that of the reference, or 2.5 Gw.

Antenna quantization scheme specifications are summarized on Figure 9. There
are seven basic module types of varying mass. As the 4-FET cavity radiator and 2-FET
dipoie module powers are reduced the module masses may also be reduced by removing
superflous metal not required for lateral thermal conduction. The 2-FET cavity radi-
ator can also take advantage of reduced dielectric mass. No claim is made that these

designs are optimized; they represent hopefully conservative estimates for likely
module configurations.

To reduce 12R power bussing losses the 15 volt modules must be connected in
a series-parallel arrangement. The connection hierarchy selected for the (.6\ by .6)\)
cavity radiator modules has four modules in parallel to form units called rows.
Twelve rows are connected in series to form strings. Three strings in parallel make
up a panel, which is the least replaceable unit. One hundred forty-four panels in a
12 x 12 series-parallel matrix form subarrays of the same size (10m x ~)I m) as in-the
current baseline, with a subarray voltage drop of 2.16 kv. Two subarrays a:e
connected inseries to give a 4.32 kv distribution voltage.

In the case of subarrays using the slightly larger (.61 x .8)) dipole moduler
the hierachy is the same except that the rows only have three modules in parallel.

A reliability assessment of the described cavity radiator module subarray
hierarchy as a function of probability of amplifier failure, Q, is summarized
in Figure 10. In case only one amplifier failure per row is permitted, string
failures will cause 2% rf power reduction (with 50% probability) in 22 years for an
amplifier MTBF of 3.5 x 10° hours. The random failures at this time cause an
additional 0.8% of amplifiers to have failed so that the total rf power reduction
at this time is 2.8%. 1If two amplifier failures per row are allowed, the power
loss due to string failures of 2% and random amplifier failures of 3.2% together



result in a subarray power loss of 5.2% after 63 years. These results indicate that,
for the SPS requirement 7 less than 2% rf converter failures in a 30 year period,
the objectives of maintenance-free operation are achievable. This provides

encouragement for further effort to address the issues of series-paralleling such
large strings.

An additional reliability feature beyond those considered in the assessment
of all the module designs for string protection is the use of an external high
temperature resistor which is shunted in to dissipate the nominal module power when
the power amplifier in a module becomes open-circuited. By making the resistors
small filaments a visual indication of failure is provided.

Although the failure reliability aspe.ts of the above series -parallel
configuration appear workable, other valid questions remain. The modules each have
separate inputs that must be kept from coupling to neighboring outputs over the
power supply lines. This is believed feasible but has not yet been experimentally
demonstrated. Also, in a real system startup and shutdown transients are experienced.
There must be kept from "rattling around" in the series -parallel matrix and selectively
blowing out modules. Protection against these transients is believed assured if

all the modules present simiiar impedances to the power 1ine and have some over-
voltage protection.

5.0 SATELLITE CONFIGURATION

A trade study done to decide on the preferred power distribution system to
the 4.32 kv subarray pairs from the solar array compared directly bussed DC, high
voltage AC and high voltage DC with DC-DC convertors. The results are shown on
Figure 11 in the form of conductor and power loss make-up array mass as a function
of conductor temperature. Direct DC won out despite a low power bussing efficiency
of .73. However, it should be noted that should power convertor technology

improvements result in 25% power-convertor mass reductions, high voltage DC with DC-DC
convertors would be the preferred option.

Satellite efficiency and sizing, done in a fashion similar to the NASA/DOE
reference SPS design, clearly shows the impact of the buss losses on Figure 12.

The completed 2.5 GW modified reference SPS configuration is shown on
Figure 13. The technology of the non-microwave subsystems is the same as the
reference except for elimination of the antenna yoke by using linear actuators
between the antenna edge and the rotary platform zand the use of a perntahedral main
satellite bay structure. Both changes reduce satellite mass somewhat.

Figure 14 gives a mass and cost summary. Total mass per unit transmitted
power is up 30% from the reference because of DC bussing and DC-microwave conversion
inefficiencies, with costs tracking. A second pass through the design, concentrating

on increasing power bussing efficiency to achieve mass reductions, might reduce this
difference but it is unlikely %o erase it.

242



4 = 81 BIPOLAR TRANSISTORS

E\ POWER
@ ADOED ¢ - POWER GaAs FET
. + =SMALL SIGNAL GeAs FET
. XEY o ~—SINGLE DRIFT READ DIODE
A= SINGLE DRIFT GaAa IMPATT
4= DOUSLE DRIFT GeAs IMPATT
O~ OOUBLE DRIFT § IMPATT
2
N, HOPOLARS  « e ANOWALOUS
s Gals PETS
- -
~ .
. o (CaFETS
: e : ~ .
A 4 . ~ - - .
RSP °
‘N
. eo™, 6~.., GoAs READ MITATT
2 . . ©0° ° °. % e ..
8 0-0%g ¢
N \
' &
s ¢ 810 2 « ¢ s 0° S |
fiMz) -

Figure 1. CW S&Iid State Device Efficiency vs Frequency—1978

KEY

= + SMALL SIONAL GoAs FE
GAIN ( ~~. v POWER GaAs FET
- A vSS ¢ SIBIFGLAR
N $ STATIC INDUCTION TRANSISTOR
¥ < SEMICONDUCTORS o 4 SINGLE DRIFT GaAS IMPATT
S~ L D OOUBLE DRIFT 8 IMPATT
-~ - - ay -
2 . .
L]
. N =;- .. LATESTJAPANESE
: , s GoAs FETS
L]
*
R SMALL SIGNAL GaAs FETS
10
[ ]
" ' — .
4 8 0y, 2 4 6.3 100 2 4

iz

Figure 2. Solid State Device Gain vs Frequency—1978

IRy T - s

SMOLE PACKAGLD DEVCLS

LECEn
ema—

\ ~

\

/ . SEPATT-ARA TPNSA

oW POWER,
WAYTS

\\
-

A

7 -

L

\y%

[ ane meaoer
N -

M“

.

Figure 3. Solid State CW Power vs Frequency—1978

Figure 4. Characteristics of Various Amplifier Classes

Amplitier Mazimum Typical (@ Frequency | Duty Cycle | Active Active
Power-added Elficiency at Device Device
Class Efficiency for Values Marimum | Sstwated | Cot
Sine Wave Output | Achieved Effic.ency ? o'u
A 3 .3 @ sCGHz 1.0 Ne Ne
] J83 3 @Gz .3 Ne Yes
c 4% K9 QAa3CHa 3 Ne Yo
(Unsaturated)
r
D 1.0 9 0 10 MM2 3 Yes Yoo
Switched E 1.0 K] @100 MMz 3 Yes Yes
Mode F 10 s Q@10 MI K] Yes Yer
Amplitiers
L 1.0 3 @ 100 KHz | Varleble Yes Yes
: »i
Multivoltage e K @ 10 MMz Variable Yes Yo
[ S18 J @ 100 KMz Varisble Yes Yo
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QUISIDE | StEP NUMBER OF #ODULE MODULE | (F/A)pe | (M/P)o  ISTEP MODULE | NO. FETS
STEP | RADIUS AREA SUBARRAYS TYPE POWER 2 . MASS (M)
(m) (md) (W) (k=2 (kg kn=1) | (T)
1 124.8 48,970 456 High Power 28.7 5.50 .742 200 37.82
4-FET, Cavity
Radiator
(4.06 kgm-2)
2 249.6 146,830 1,360 . 24.0 4.45 917 600 112.80
3 J22.4 130,820 1,208 Reduced Power 19.2 3.5 1.006 468 100.20
4-FET Cavity
Radfator
(3.58 kgm-2)
4 384.8 138,640 1,280 “ 16.0 2.97 1.207 496 108.17
5 457.6 192,680 1,784 2-FET Cavity 12.8 2.3 1.289 590 73.99
Radiator
(3.06 kgm-2)
6 520.0 191,680 1,776 2 vET Dipole 12.8 1.78 .826 582 55.24
{1.47 kgm-2)
7 561.6 141,390 1,312 " 9.6 1.33 1.101 208 40.81
8 582.4 74,795 696 . 8.5 1.18 1.244 110 21.65
9 644.8 238,950 2,208 1 FET Dipole 6.4 .89 1.652 351 34.34
(1.47 kg m-2)
10 | 707.2 | 264,880 448 . 4.3 .59 2.476 389 38.07
TOTALS 14,528 3,694 621.09
Figure 9. Solid State Transmitting Antenna Quantization
CONFIGURATION: 8 AMPLIFIERS PER ROW,ONE OR TWO MAY FAIL (W=1,2)
12 ROWS PER STRING 432 STRINGS PER SUBARRAY
LOG NOMAL DISTRIBUTION
= 10
s
g 8 STRING FAILURES ONLY
o
g
8 s /7 = 63 YeARs
& ‘ :
_ : 1 - [meFe3s x wobues] /Y |
!
E a2 ;
g RANDOM FATLURES OF 2 X
2 o OCCUR AT 20 YEARS  { . » N
& ,01 .02 .03
o, PROBABILITY OF AMPLIFIER FAILURE
Figure 10. Solicd State SPS Array Center Subarray Reliaility
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Array Mismatch
Array Mismatch

Main Bus I?R
Antenna Distr

DC-RF Conversion
Waveguide I2R

ldeal Beam
Inter-Subarray Losses
intra-Subarray Losses
Atmosphere Loss
Intercept

Rectenna RF-DC

Grid Interface

TOTAL ARRAY OUTPUT

EFFICIENCY MEGAWATTS

.965 - 6050 Ideal Array Output
.7129 5333

.97 4256 Total Antenna Input
.8 4128 '
N/A 3303 Total RF Radiated Power
.965 3303

.976 3187

N/A 3110

.98 510

.95 3048

.89 2896 incident on Reclenna
.97 2571

.413 2500 Net to Grid

6050 MW

TOTA.. SOLAR ARRAY AREA = 33.8 km2

Figure 12.

Solid State SPS Efficiency and Sizing
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Figure 13. 2.5 Gw Solid State SPS Configuration

MASS (MT) ESTIMATING BASIS

1.1 SPS 35,204
L1L1 ENERGY CONVERSION 22,087 :
L1111 STRUCTURE 2,851 Delailed Estimate
LL12 CONCENTRATORS (0) Not Keguired
1.LL3 SOLAR BLANKETS 14,409 Scaled from Reference
1.1.1.4 POWER DISTRIB. 4,400 Detailed Estimate
L1 L5 THERMAL CONTROL (0) Allocated to Subsystems
L1 16 MAINTENANCE 421 Scaled from Reference
1.1.2 - POWER TRANSMISSION 6,365
1.L2.1 STRUCTURE 460 Scaled from Refererice
1.1.2.2 TRANSMITTER 4,480 Detailed Estimate

SUBARRAYS
L123 POWER DISTR. & COND. 1,262 Scaled from 1.1. 1.4
1.1.2.4 PHASZ DISTR, 25 ' Scaled from Reference
LL25 MAINTENANCE 20 Docking Ports Only
1.1.2.6  ANTENNA MECH. POINTING 118 Scaled by Mass x Area
LL3  INFO MGMT & CONTROL 145 Scaled from Ref,
.14  ATT, CONT, & STA.KP. 146 Scaled From Ref
LLS COMMUNICATIONS 0.2 Same as Ref.
LL6  INTERFACE 113 . Est. Based on Simplification
LL7 - GROWTH & CONTINGY, 6,348 . Same % as Reference

Figure 14. Solid State SPS Mass and Cost Summary
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N82-12567 — 8
SPS SOLID STATE ANTENNA POWER COMBINER
G. W. Fitzsimmons, Boeing Aerospace Company

1. INTRODUCTION

Solid state dc-rf converters offer potential improvements in reliability,
mass and low voltage operation, provided that anticipated efficiencies in excess of
80% can be realized. Field effect transistors offer the greatest potential in the
SPS frequency band at 2.45 GHz. To implement this approach it is essential that
means be found to sum the power of many relatively low power solid state sources
in a Tow-loss manner, and that means be provided to properly control the phase of
the outputs of the large number of solia state sources required.

To avoid thre power combining losses associated with circuit hybrids it was
proposed that the power from multiple solid state amplifiers be combined by
direct coupiing of each amplifier’s output to the radiating antenna structure,
The resulting savings in transmitter efficiency ranges from 4% to 10% depending
upon the configurations being compared. The selected power-combining antenna
consists of a unique printed (metalized) microstrip circuit on a ceramic type
dielectric substrate which is backed by a shallow lightweight aluminum cavity
which sums the power of four microwave sources. The antenna behaves like two
one-half wavelength slot-line antennas coupled together via their common cavity
structure. A significant fecature of the antenna configuration selected is that
the radiated energy is summed to yield a single radiated output phase which
represents the average insertion phase of the four power amplifiers. This-
energy may be sampled and, by compariscn with the input signal, one can phase
error correct to maintain the insertion phase of all solid state power combining
modules at exactly the same value. This insures that the insertion phase of each
SPS power conbining antenna module is identical even though the power amplifiers
are fabricated to relatively loose (low cost) insertion phase requirements.

The concept, illustrated in Figure 1, shows two solid state power amplifier
modules with two outputs each at 5 watts delivering power to the antenna. The
power amplifiers derive their input from an integrated circuit which performs
the function of phase error correction so that 22ch module has the same insertion
phase. Tha phase error correction circuit employs two probes to sample the
. phase ot the of the radiated pcwer. This phase is then compared with that
at the module input. A ceramic substrate is propnsed to dissipate the heat o¥
the pover amplifiers via radiation. The high thzrmal conductivity of the ceramic
substrate and of the aluminum cavity and ground plane will spread the heat so
that all surfaces will participate in the cocling process.

The material that follows describes an initial program to verify the suita-
bility of this concept for SPS. An apprepriate microstrip antenna is being
developed which will be evaluated when driven from four solid state power ampli-
fiers.

2. EXPERIMENTAL VERIFICATION PROGRAM

The objective of the program is to demcnstrate the suitability of a 2.45
GHz power combining microstripsiot-line antenna,whei fed by four solid ctate



amplifiers, to the needs of a solar power satellite. The program entails the
design and fabrication of a four feed microstrip antenna and a stripline antenna
phesing network which will be integrated with four transistor amplifiers to
demonstrate that the total solid state module (amplifiers plus antenna) will
operate as an efficient power combining-radiating system. The antenna developed
will be evaluated for gain, pattern and efficiency on the antenna range with and
without the amplifiers. The amplifiers will be connected directly to the antenna
without benefit of isolators so that their interaction via the antenna will be
¥nimpeded. The combined output power of the amplifiers will be approximately

/2 watt.

Figure 2 contains a sketch of the power combining microstrip antenna to
be evaluated. The dielectric substrate is metalized on both sides. The under-
side, within the cavity, contains the four microstrip feed lines which are
coupled to the two radiating slots on the top side via two narrow slotlines.

In order to feed the antenna, two of the rf inputs are required to be 180° out
of phase with the remaining two. An antenna feed network is thus required
which will provide the four 0°-180° equal amplitude outputs.

The antenna feed network, the power amplifiers and the microstrip antenna
will be connected as indicated in Figure 3a. The four cables connecting the
amplifiers and the antenna are required to have equal electrical lengths as are
the cables connecting the antenna feed network and the amplifiers. This is
necessary tc retain proper phasing of the antenna.

3. EXPERIMENTAL PROGRAM STATUS
3.1 FEED NETWORK

Three solid state antenna module feed networks have been assembled and
measurements on all have been made. Two cf the feed networks are needed to
accomplish the antenna range tests. The stripline feed network, (Figure 4a),
consists of two 0°-18C° rat race ring hybrids fed by a singie in-phase two-way
power divider. The circuit metalization pattern was etched into the top cir-
cuit cover plate as a label for the finished feed. Figure 4b contains a
photograph of the automatic network anaiyzer being used to measure the feed
network performance.

The insertion loss and insertion phase measurements over a 500 MHz band-
width indicate (Figure 52 that at the design prequency, the insertion loss of
all ports is nearly equal. The insertion phase error window at 2.45 GHz is
1.5° wide,or + .75°. The measured results for all feed networks at 2.45 GHz
are as follows:

Serial No. Phase Balance ' Loss Balance Insertion Loss Isolation &
Return Loss

-

001 1 to03d8 .154 dB 25 dB
002 *.39° t03¢8 .189 dB 25 dB
003 ta1° t.o15 a8 172 dB 25 dB
GOAL e *.05 d8 .2 d8 20 dB

|



The measured insertion phase to all ports of each network deviate from a
mean value by less than one degree,which was the design goal. The measured
loss was less than 0.2 dB for each of the units over and above the 6.02 dB
that results from the four way power division. This vaiue will be used again
when the antenna efficiency is calculated. A more important parameter is loss
balance,which is s¢ small that it is hardly megsurable (+ .03 dB). Thus, the
power delivered to all ports is within 0.7% of the mean value.

The isolation between the feed network output ports is greater than 25 dB
for all units. This minimizes the interacticn between amplifiers in the final
configuration, by preventing reflected power from the input of each amplifier
from reaching the input of one or more of the other amplifiers. Thus, the
amplifiers are operated as if they were each driven from an isolated source.
This is a particularly good operating procedure where one is primarily inter-
ested in how well the power combining antenna performs,and in how well the
solid state amplifiers interact with each other within the antenna circuitry.

The impedance match realized at each port results in a VSWR <1.12, with
a return loss greater than 25 dB. In actual operation, a low output VSWR and
good isolation is only available if tie input power to the feed network is
derived from a well-matched source.

3.2 POUER AMPLIFIERS

The four 2.45 GHz power amplifiers have been supplied by Tron-Tech, Inc.
of Eatontown, N. J. and, to date, have only been evaluated under small signal
conditions. (Table 1) As can be seen, the amplifiers meet many of the speci-
fications and are out on others. More tests are scheduled to determine how
the amplifiers perform under the required drive condition needed to yield 1/8
watt of output power. Until these additional tests are completed, it is pre-
mature to speculate on the degree of suitability of the four amplifiers.

Table 1. AMPLIFIER SPECIFICATIONS & SMALL SIGNAL MEASURED VALUES

Parameter Specificatien Measured by Boeing
(small signal)

Frequency 2.45GHz 2.45GHz

Power our @ 1 dB '

gain compression  +21 dBm Aot measured

Gain 6 dB min. 7.76 dB - 8.18 dB

Gain match .5 d8 max. l.21 a8

VSWR in: 2.5:1 max, 3.65:1 (one unit)
out: 1.5:1 max. 1.66:1 (two units)

Phase match I 5% max. 12.4°

Phase contrel I 10° min. e by varying B* according

to Tron-Tech.

Gain Control by varying B+ Installed sepgrate loss cont.
which yields - 1.5 dB
according to Tron-Tech.

Infinite VSWR save at full power verified by Tron-Tech.
aye
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The amplifiers were specified to be fail-safe under conditions of
infinite VSWR at all phases. This was required to insure that the amplifiers
wouldn't fail during test. Such a failure would preclude the collection of
antenna data with the amplifiers attached. Since the amplifiers are designed
to operate Class A, the small signal data exhibited in Table 1 may not change
very much under large signal tests.

3.3 RADIATING ELEMENT

A four feed microstrip antenna has been developed which appears suitable
for the task at hand. It evolved through a series of steps which began with
a microstrip to slot-line coupler and graduated from a single feed slot line
antenna to a dual fed slot-line antenna and finally, the four feed design
illustrated in Figure 3b. Figure 3b shows the metalization pattern (actual
scale) on each side of the microstrip dielectric substrate. The four micro-
strip lines (shown shaded) cross under and couple their energy to the four
narrow slotlines which transport the signal to the wide radiating slots (shown
in black). The antenna substrate is 2.6 inches square and is backed by a
2.5" x 2.5" x 0.30" cavity,which couples the radiating slots together.

The antenna, when fed by the feed network described earlier, exhibits
a bandwidth at the 15 dB return loss points of approximately 100 MHz. A
preliminary pattern taken with the antenna on the range is shown in Figure 6.
The neak gain as measured is approximately 8 dB; however, not accounting for
0.43 dB of feed network and cabling losses. The pattern is well behaved with
the first sidelobes approximately 23 dB down. A second "cleaned-up" medel
will now be fabricated to initiate full range testing with and without the
power amplifiers.

4. TEST PLAN

The primary purpose of the antenna range testing is to determine the
efficiency of the four feed antenna with and without the amplifiers. The
efficiency is derived by dividing the antenna gain G by the antenna directivity
D. The antenna gain will be determined by a 3-antenna method in which antenna
spacing is measured to better than 1/2%. This method is expected to yield gain
accuracies of + 0,3 dB.

The antenna directivity D is defined as the ratio of the peak radiated
power to the average isotropic radiated power (average power radiated over the
unit sphere). To arrive at the average isotropic radiated power, one must meas-
ure and total up the radiated power over the spherical surface with the un-
known antenna at its center, and average that vaiue by dividing by the number
of measurements. Typically, a 2° x 2° cell is employed which requires 16,200

measurements. The error associated with the directivity measurement is approximately

+ .25 dB.

The antenna feed system insertion loss will be measured on the automatic
network analyzer (HP 8542R), which is periodically certified by Hewlett-Packard
using standards traceable to NBS to an accuracy of + 0.15 dB (+ 3.51%) for
devices of low insertion loss. Thus, when the feed systein insertion loss is
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subtracted from the measured gain, the feed system measurement uncertainty will
be added to the previously stated uncertainties. The RSS value of the combined

eff'lc"ency is thus, 1VI‘—30)£ + (.25)21, (.15)?_- 1 .42db = 1 10% Cross-

polarized radiation for the SPS application is considered wasted power, and
there:ore. it will also be measured and .included when determining the antenna
efficiency. *

With the basic antenna characterized for gain, pattern and efficiency,
antenna range measurements will then be made with the solid state power
amplifiers inserted and operating with a combined output power of approxi-
mately one-half watt. The measurement of interest is the difference betwe:n
the range received power with and without the inclusion of the solid state
power amplifiers. The difference should be equal to the gain of the ampli-
fiers. This difference will verify the degree in which the antenna sums the
‘available power of the four amplifiers. Pattern measurements will also be
taken to compare with those taken without the power amplifiers. As a final
test to verify the entire procedure, the integrated amplifier-antenna system
wi}l be tested for directivity and gain and the overall efficiency will be
calculated.
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FIGURE 3a POWER COMBINING ANTENNA, FEED NETWORK & POWER AMPLIFIER
BLOCK DIAGRAM

2.6" x 2.6" ground plane metalization
ring for attachment of the 2.5" x 2.5"
X .30" x .015" brass cavity. :

I'd . 8 - Cowny A ¥ m’
d d

R T ‘//— Microstrip input
........ . (four places

-Radiating slots

Wrap-a-round foil : é
ground employed at pptc 2 R .
all edges. —p

T .————-Microstrlp to slutline

..w"r‘»"",~
TS coupler (four places)

FIGURE 3b COPPER METALIZATION PATTERN FOR FOUR FEED MICROSTRIP ANTENNA
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N82-12568

SOL ID-STATE RETRODIRECTIVE PHASED ARRAY CONCEPTS FOR MICROWAVE
POWER TRANSMISSION FROM A SOLAR POWER SATELLITE

INTRODUCTION

This paper describes two prototype solid-state phased array systems
concepts for potential us:: in the Solar Power Satellite (SPS). In

both concepts, the beam i: centered on the rectenna by means of phase
conjugation of a pilot signal emanating from the ground. Also discussed
is on-going solid-state ampiifier development.

The basic systems concepts are now described in more detail.

OVERVIEW OF SOLID-STATE ARRAY CONCEPTS

Two different solid-state array concepts are being developed at this
time: The End-Mounted Space System (Figure 1) and the Sandwich

(Figure 2). Both concepts use the same element and spacing, but in the
end-mounted system 36-watt amplifiers are mounted on the ground-pizne,
whereas in the sandwich the amplifiers are elevated to the dipoles,

and their waste heat is dissipated by beryllium oxide discs. Tne feed
lines are underneath the ground-plane, and a coaxial transmission line
is carried all the way to the ampiifier input. (See section on RF
Signal Distribution). Figure 4 in Section 4 shows the sandwich dipole
layout ir close-up view.

SOLID-STATE PHASE CONTROL
REFERENCE PHASE DISTRIBUTION

Phase conjugation at the 10 meter by 10 meter subarray is used to steer
the beam. The reference phase signal is distributed over the spacetenna
aperture via a radio link. Figure 3 illustrates this method giving a
perspective view of the top of the aperture. Two important features
are: (a) the phase reference signal originates from a single transmit
location at the rear of the aperture; and (b) phase reference and pilot
anterinas are orthogonaily polarized with respect to the power dipoles

to avoid feedback loops. Instead of an endfire (e.g., "Cigar") array,
broadside arrays can be used for reference and pilot rick-up. Both
configurations shall be considered in more detail in future studies.

The phase reference signal is distributed as follows:

From the shaped-beam illuminator antenna an RF signal is distributed
over a cone with maximally 90 degrees beamwidth. Al1 reference pick-
up antennas see approximately the same signal strength. The local
oscillator and driver amplifer is redundant. Large variations in
aperture flatness can be compensated modulo 2 7 since bandwidth

is of no concern for the reference phase signal. The phase at each
subarray pick-up point is normalized with respect to a perfectly flat

1;%235,
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FIGURE 1. END-MOUNTED SOLID STATE CONCEPT (REF. 1)

END-MOUNTED SOLID-STATE CONCEPT CHARACTERISTICS

GaAs SOLAR ARRAY

GEOMETRIC CR = 2.0

DUAL END-MOUNTED MICROWAVE ANTENNAS

AMPLIFIER BASE TEMPERATURE = 125°¢

AMPLIFIER EFFICIENCY = 0.8

ANTENNA POWER TAPER - 10dB

ANTENNA DIAMETER = 1.35 km

POWER AT UTILITY INTERFACE = 2.61 GW PER ANTENNA
(5.22 GW TOTAL)

0 RECTENNA BORESIGHT DIAMETER = 7.51 km PER RECTENNA

© O ©O 0o © 0 © o

Ref. 1) After: G. M. Hanley, SPS Concept Definition Study (Exhibit D),
First Performance Review - 10 October 1979.
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FIGURE 2. %OLID SgATE SANDWICH CONCEPT RECOMMENDED FOR POINT DESIGN
REF. 1

PHASE DIST, TRANSMITTER
(LASER SENSING SYSTEM)

RECOMMENDED SOLID-STATE SANDWICH CONCEPT CHARACTERISTICS

CHARACTERISTIC
SOLAR ARRAY TYPE
EFFECTIVE CR
SOLAR ARRAY TEMP. (°C)
AMPLIFIER BASE TEMP. (°C)
AMPLIFIER EFFICIENCY
ANTENNA TAPER RATIO (dB)
ANTENNA DIAMETER (Km)
POWER AT UTILITY INTERFACE (GW)
RECTENNA BORESIGHT DIA. (Km)

PRIMARY
GaAs
6
200
125
0.8
0
1.77
1.26
5.10

SECONDARY
MULTI-BANDGAP
5706

200

125

0.8

0

1.64 T0 1.58
1.47 T0 1.54
5.39 T0 5.68



FIGURE 3. PHASE REFERTMCE SIGNAL DISTRIBUTION SYSTEM AND
REFERENCE SIGNAL CONTROL LOOP
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3.2

3.3

uniform aperture by means of a servo loop shown in the bottom part of
Figure 3. For each subarray center location, a phase delay differential
("reference standard") is computed which occurs for the two generating
frequencies fR and f,, if the receiving antenna is located on a perfect
plane. These 5elays Bgn be calculated, and tuned in the lab to fractions
of a degree. The output of the phase bridge then drives a phase shifter
until the path delay differential equals that of the reference standard.

Since this circuit is used at every subarray, the subarray center points
are electrically normalized to show ¢ = ¢, constant across the entire
array. This provides the conjugation cirtuit with the required reference
phase.

RETRODIRECTIVE BEAM CONTROL

A retrodirective control circuit which compensates for pilot-generated
beam shifts (without ionospheric effects) is the Chernoff circuit, with
additional isolation added by (a) separating the pilot and power frequency
paths, (b) using orthogonally polarized radiating elements; and (c)
providing the remaining isolation in separate bandpass filters. The

total required filter isolation is 70 dB, according to preliminary pilot
system calculations.

This pilot system is predicated on ~ 100 dBw pilot power. The proposed
implementation of this pilot system consists of a circular array of low
to medium-gain elements placed at the periphery of the rectenna, on top
of utility poles if necessary to avoid interference from the power
collection ana transmission system.

The system provides vastly improved reliability over a single-dish, con-
centrated amplifier pilot system, and also provides such a wide power
tube when the near-field beam enters the ionosphere that certain
ionospheric effects will be mitigated. If ionospheric tests show that
delay compensation through the ionosphere is :equired, a three-tone
pilot system will be used as described in the Phase Control Session.

RF_SIGNAL DISTRIBUTION SYSTEM

The current baseline distribution system for the conjugated RF signal is
the same for both solid-state concepts.

Seven levels of corporate divisions provide equiphase feeding to the
16,384 elements in each 10m x 10m subarray.

The salient features of this distribution network are: weight of 0.67
million killograms for the total array using UT-47M; 250~C temperature
capability; approximately 10dB ohmic loss {in addition to 42dB splitting
loss). A1l layers of coax are pressed together behind the ground-plane,
and very little thermal resistance is presented to the heat being radiated
rearward from the ground-plane in the end-mounted concept, and toward the
ground-plane (from the solar cells) in the sandwich concept. The com-
posite heat transfer will be established by the spacing between the

ground plane and the solar cells in the case of the sandwich.

<




4.0 SOLID-STATE RADIATORS

A number of elements have been considered for the reference phase
pick-up and pilot-tone pick-up elements: Helices; disc-on-rod
antennas; yagis; dipole arrays; slot arrays; patch-type microstrip
arrays; and arrays of various other strip-type radiators.

For the power radiators, all of the above array elements (except for
high-gain end-fire arrays) have been considered but thin dipoles were
selected because a) they lead to a minimum power requirement for

the amplifier module; b) provide the necessary heat removal character-
jstics, and c) yield maximum reliability.

Figure 4 shows the dipole layout selected for the sandwich concept. The
pilot pick-up slots are interspersed, but the power dipoles can be removed

from this section if additional isolation is required, and/or space is
required for the conjugation circuit.

FIGURE 4. SANDWICH ANTENNA WITH DIPOLES OVER GROUND PLANE

THICKNESS ~ & OM USE ,05 x ,05: IN
‘ BAR (SILICA FIDERS)
FOR ALL MEMBERS
\ GROUND PLANE
s ii!!! > (0.4 W)

PILOY
PICK-UP
ELEMENT

RF & DC Lines

NOTE: BAR JOINING TO BE
ULTRASONIC BY MACHINE THAT
AUTOMATICALLY FABRICATES TRUSSES
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5.0 SOLID-STATE POWER AMPLIFIERS

The assessment of solid-state devices for r-f conversion in the SPS micro-
wave power transmission system has included to date both an analytical effort
and an amplifier developmerit progranm.

5.1 Analytical Studies

The analytical study was carried out for Rockwell International at the
University of Waterloo, Canada. The first phase of the study consisted of a
computer simulation of bipolar transisters, in Class C and Class E type
circuits. Both silicon and GaAs bipolar transistors were modelled. In the
second part of the study, GaAs MESFETs were modelled in Class B and Class C
circuits. Work is currently in progress to obtain Class E results.

The study was undertaken as an evaluation of transistors for the micro-
wave space power system. The goal was the determination of transistor fabrication
parameters suitable for power conversion efficiencies of at least 80% with power
gains of at least 10 dB.

5.2 Bipolar Transistor Simulation

The simulation is carried out by using two basic programs. The first
program generates a circuit model of the transistor, from inputs consisting of
the impurity profile and lifetimes, plus geometry data. The second program
is a circuit analysis program where the device model is incorporated into the
desired external circuit. The results of the bipolar transistor analysis in-
dicated that GaAs devices perform better at high temperatures with respect
to efficiency than Si devices of similar geometrical parameters as shown in
Figures 5 and 6. A comparison of Class C with Class E operation for the silicon
transistor at 27°C, shows that at high power levels (20 watts) the saturated
Class-C mode gives the %est results (Figure 7), while at lower power levels
(10 watts) Class C gives better results at gains below 13 dB and Class E

performs better at higher gains, (Figure 8).
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FIGURE 5. Results of High Temperature Study FIGURE 6. Results of High Temperature Study
for the Silicon Transistor at 2.45 GHz for the GaAs Transistor at 2.45 GHz
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FIGURE 7. Efficiency vs Power Gain at 2.45 GHz

FIGURE 8. Efficienéy vs Power'Gain at 2.45 GHz
and High Power Level for Silicon

and Low Power Level for Silicon
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5.3 GaAs MESFETs Simulation

This study, currently in progress, follows the procedure used for the
bipolar transistor simulation. A circuit model is generated by an appropriate
program and is fed into the circuit analysis program. The devices modelled, so
far, were basic one-cell structures, with low overall power output capability.
The power output, power gain and efficiency obtained for the five structures
modelled so far are shown in Figure 9. This figure shows plots of power
added efficiency versus Pout/Pmax for each device, where the three values shown
correspond to conduction angles of 80°, 120° and 180°. The dashed lines in-
dicate a mode of operation which cannot be attained physically, because the

gate source voltage exceeds the breakdown voltage for that transistor.

6.0 POWER AMPLIFIER DEVELOPMENT

The goal of the power amplifier development program is to demonstrate
that efficient operation at a 5 to 10 watt power level can be achieved with
off the shelf GaAs power FETs and to show that the performance can be improved
with optimized devices of similar type. The high efficiency power amplifiers
are being developed for Rockwell International by RCA and will be discussed in
a subsequent pruzsentation.

GaAs devices were seiected because of data showing that GaAs performs
better than silicon at the temperatures likely to be encountered in the SPS
environment. Several transistor structures should be investigated to establish
possible trade-offs with respect to power level, comparative efficiencies and
reliability. Schottky barrier FETs are the first choice for testing at the
experimental level in view of the high degree of activity in their development

due to their use as power devices at microwave frequencies.
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SOLID-STATE DEVICE TECHNOLOGY FOR SOLAR POWER SATELLITE

NASA, Johnson Space Center sponsored a program, "Analysis of S-Band
Solid-State Transmitters for the Solar Power Satellite," based on the assump-
tion that a high-efficiency solid-state SPS transmitter may be feasible.

The objectives of the study were to:

o expand the understanding of the SPS transmitter concept
and relate it to the possible utilization of solid-state
(rather than thermionic) elements in the antenna array;

o explore the need for technology development in the areas
of devices, circuits, and interface configurations for a
solid-state antenna array;

o recommend specific technology advancement programs that
could impact future SPS designs.

An additional task, added toward the end of the program in agreement with
the Technical Monitor, was to construct a sample solid-state amplifier, based
on existing gallium arsenide FET devices, so that power, gain, and efficiency
relationships could be experimentally explored.

The study was designed to explore independently aspects of the devices, the
circuits, and the overall antenna system. Only toward the end of the inves-
tigations were these three elements brought together to provide an overall
view of the sclid-state antenna concept and to recommend follow-on technology
investigation programs.

DEVICE INVESTIGATIONS

For any system configuration, devices providing the maximum possible
power at the highest possible efficiency would obviously be desirable. 1In
practice, however, power must be traded off against efficiency, with efficiency
the paramount parameter. When these factors are considered, gallium arsenide
rather than silicon appears to be the favored material for the SPS application;
the device used would be some kind 5f field-effect transistor of the type that
combines high efficiency and relative ease of fabrication.

Thermal and electrical designs for both Schottky-barrier and junction-type
FETs were presented at the conclusion of the study.  Their purpose, rather than
serve as device designs to be actually developed, was to highlight the considera-
tions likely to influence the choice of future programs. No clearcut prefer-
ence of one over the other was discerned at that point in the study. Devices

providing 4 watts at greater than 80% power-added efficiencies were considered
feasible. :

*RCA presentation at NASA, Johnson Space Center, Houston, TX, 17 January 1980.



An actual amplifier stage was constructed with commercially available de-
vices. It provided 3 watts of output power at an efficisncy of 58% -- results
considered very good indeed. The unit was delivered to JSC at the conclusion
of the study.

undertaking of a follow-on experimental and theoretical program to ascertain
the factors contributing to high-efficiency operation of microwave FETs. Pre-
vious experience with specialized large-signal computerized equipment pointed
to the benefits of using this apparatus for the recemmcnded follow-on study
program.

| One of the important recommendations of this part of the study was the

ANTENNA SYSTEM INVESTIGATIONS

The Reference System (DOE/NASA Report, October 1978) served as a basis
for the first phase of the antenna system investigations.

If it is attemptad simply to replace the thermionic devices contemplated
in the Reference System by clusters of solid-state devices whose power is com-
bined to form equivalent transmitting elements, penalties in voltage-distribu-
tion losses, power combining losses, and thermal problems must be seriously
cunsidered. From detailed analyses performed during our study, it soon became
apparent that a solid-state replacement program of this nature, while it may
contribute toward the overall reliability of the system, would fall short in
terms of the operational parameters -- particularly in terms of a Factor of
Merit measured in watts per kilogram.
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At that point in the study, again with the concurrence of the Technical
Monitor, emphasis was placed -on a concept that considered direct conversion of
sunlight into microwave power-generating modules, thereby obviating the need
for voltage distribution altogether and essentially solving the thermal prob-
lems. Some specific problem areas peculiar to this approach were addressed in
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the study -- e.g., the relative orientations of the solar array and the micro-
wave antenna, the spacing of the antenna elements and, most importantly, the
near-field properties of such an antenna.

300 000 20
SYSTEM POWER (MW)

1

b0 ’ —l
I - . / -
| E A tkat) s .

| s} -/ 05
P :
g E ) henn ]

| oF )
i ]
i ‘oo/ ) 1 lll'lll L A 2 1 401 °|
z 200 0 WM K00

SPS design nomograph - uniform distribution.

It was concluded that this type of system has Factor of Merit (W/kg) ad-
vantages over the Reference System, and that a tubular beam can indeed be
created; a judicious choice of phase tapers made it possible to smooth power
variations over the rectenna. Computer simulations of this type of antenna
beam were performed at the conclusion of the study. Recommendations for adapting
this approach, after further study, were made.

We recommended that studies aiming at a fuller understanding of the factors
affecting high-efficiency operation of microwave FETs and the circuitry associ-
ated with them be vigorously pursued. Large-signal waveform analysis of FET
operation was identified as a necessary factor of these studies.

MODULE INVESTIGATIONS

The module study quickly yielded the (not unexpected) notion that the
efficiency of the power module is the most important design parameter, since
it impacts very strongly the overall SPS cost in terms of dollars per watt of
output power. Here again power combining losses and primary power distribution
problems pointed toward the concept of the solar-powered module; an analysis of
the practical power limits placed the module somewhere between 0.5 and 30 watts,

with the power-vs-efficiency tradeoff pointing toward an optimum value of 1.5-3
watts.

Two design concepts were shown in which modules were placed on a 1.3-A x
1.3-A grid, with 16-module clusters controlled by a single receivier module and
providing 50 watts of transmitter power per cluster. As was the case with the
device designs, both module designs (a "high Q" version and a "patch resonator"
approach) were meant to represent the approach rather than be specific.



| ]
| e a0
SOLAR ¥
SLANKEY
KA ONLY WHE!
i ANTENNA * NECESRARY Fom S \
' METALLIZATION OF ANTENNA, AMBLIFICR
WMCROWVE AND DIST 10N
i POWER NETWORK )
i
j
§ PATCH AESONATOR
NTENNA

2-37AGE 3068
3W AMPLIFIER CHIP

DISTAHUTION~
NETWORK

Patch - resonator design.

The most important recommendation resulting from the module study was a
strong indication that any future efficiency optimization attempt should con-
sider the device-module interface as part of the problem. Thus the large-
signal waveform analysis recommended for the device studies should be combined
with similar analyses for the module circuitry.

CONCLUSIONS AND RECOMMENDATIONS

The JSC study program yielded the following conclusions:

o It does not appear prudent to simply replace the thermionic microwave
power converters in the Reference System by equivalent clusters of solid-state
devices.

o On the other hand, real benefits can be obtained if the system architec-
ture takes full advantage of the operating parameters of solid-state microwave
devices. This leads to a concept of direct utilization of the solar-panel-
generated power by low-power microwave amplifiers (the so-called SMART concept).

o The postulated 80% power-added efficiency of the microwave amplifiers
appears ultimately achievable. Gallium arsenide FETs are the logical device
candidates for this service.
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SPS _SOLID-STATE AMPLIFIER

NASA, Marshall Space Center through Rockwell International, is presently
sponsoring the "SPS Solid State Amplifier Development Program."

This program represents an extension of the effort performed as part of
the JSC study: its main purpose is to gain a better understanding of the fac-
tors contributing to the high-efficiency performance of GaAs FETs. Large-
signal waveform analysis techniques are a major investigative tool in the pro-
gram.

The program is divided into two consecutive tasks, with present effort
still under Tatk A. This calls for the demonstration of an amplifier having an
output power of 5 watts, a gain of 8 dB, and a power-added efficiency of 50%.
In Task B the power output, gain, and efficiency to be demonstrated are in-
creased to 10 watts, 10 dB, and 65%, respectively. To date a survey of avail-
able devices from a total of six domestic and foreign manufacturers of GaAs
FETs was made, and circuits using various devices are being built and analyzed
as the transistors are received. While '""Class E" operation was and continues
to be of interest for the SPS application becauses of its potential for very
high efficiency, it is by no means certain that such mode of operation can be
obtained at microwave frequencies, and the work under the program is not re-
stricted to multipole operation of the FETs.

As previously mentioned, computer-aided analysis techniques are used ex-
tensively in the program, not only in the normal small-signal device character-
ization mode, but also to define the available tradeoffs under large-signal
operating conditions. Examples of such techniques are the automatic plotting
of circles of constant efficiency, constant gain, constant power output, and
constant intermodulation distortion on special instrumentation which exists at
RCA Laboratories.

HEPEDANCE OR ADMITTANCE COORDINATES

Microwave CAD large-signal analysis.



In addition, we have demonstrated a technique for synthesizing current and
voltage waveforms under FET amplifier full operating power. This approach is
also a powerful analytic tool in our investigation.
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Full~-power-measured voltage and current waveforms.

While the effort is still in progress and any attempts at projections of
final results (even in Task A) are still considered premature, some very signif-
icant findings have already been made. When optimized for maximum efficiency at
the SPS frequency, a power amplifier stage usiirg a transistor designed for 12 GHz
operation yielded 71% power-added efficiency, a very impressive figure that ex-
cecds the requirements of Task B.

This result was obtained at a power »utput close to 1 watt and a gain in
excess of 11 dB. The mode of operation may be described as an inverted Class
AB, since the drain current is highest at low rf drive and lowest at full rf
drive -- the rf voltage turns off the device during a substantial fraction of
the rf cycle, hence the high efficiency. However, when the same type of opera-
tion was attempted with a transistor of the same manufacturer (but rated at
somewhat lower power output at 12 GHz), low efficiency was observed at 2.45 GHz,

hut at a power output much closer to the rated value. These results are presently
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under intensive investigation. The current and voltage waveform analyses are
expected to shed some light on the hitherto unexplained aspects of this type of
FET performance.

Both Task A and Task B will make use of power-combining circuits in the
final amplifier configuration. A study of such circuits is included in the
program.



§71.;D-STATE SPS TECHNOLOGY FORECAST

Solid-State Technology is in a period of rapid growth in both *the micro-
wave and the signal-processing areas. Specific applications of this technology
in a variety of spaceborne systems occur with increasing frequency and effec-
tiveness. The roots of this great interest in solid-state devices, components,
and integrated circuits have been, on the one hand, the commercial computer
industry and its integrated-circuit logic components and, on the other, the
military-systems interest in microwave solid-statc devices. This trend is
quite independent of the SPS concept. Thus the SPS will reap tremendous bene-
fits from the very large investments made in this technology, investments that
are certain to continue in the future.

The directions of technology research pertinent to the SPS concept span
the entire gammut of fields familiar to the solid-state industry--materials,
devices, circuits, processing methods, and automated test procedures. In the
semiconductor materials area, gallium arsenide is presently the most important
~vmpound for microwave applications, while ternary and quarternary materials
are being investigated for use, particularly at the higher microwave frequen-
cies. The silicon-on-sapphire technology is likely to provide the SPS solid-
state antenna with an excellent technology base for substrate materials.

New device concepts, in addition to the FET which presently appears to be
the best candidate for amplifiers at the SPS frequency, are the vertical FET,
the power MOS transistor, the SIT, and matrix transistors, all of which are in
advanced stages of exploration at the present time.

The most important area in circuit development is the return, after a
hiatus of some years, to the concept of microwave lumped-circuit design. Lumped
circuits designed for microwave frequencies extend FET operation to very high
microwave frequencies., At 2.45 GHz, they vermit extreme miniaturization of the
amplifiers, making large distributed antenna arrays feasible.

Finally, modern processing methods -- e.g., ion-beam milling and plasma
etching -~ are likely to extend the techniques of the integrated-circuit chips
to microwave circuits, while the selective implantation of impurities by means
of ion implantation and laser annealin_ technijues point toward the fabrication
of monolithic components directly on semi-insulating gallium arsenide.

These comments are not intended to imply that the SPS components -=- both
for signal-processing and for conversion to microwaves -- will not require
specific and vigorous development. The attached diagram is a rough indication
of the various microwave components which require study, development, and re-
finement in manufacturing techniques. We feel that the two most important
areas requiring immediate attention are the following:

o THE CONFIRMATION THAT A SMART-TYPE SOLID-STATE ANTENNA IS INDEED
WORTHY OF SERIOUS CONSIDERATION AND SHOULD THEREFORE FORM PART OF THE MAIN-
STREAM OF SPS STUDIES.

o



o THE INITIATION OF A SCLID-STATE POWER AMPLIFIER DEVELOPMENT PROGRAM
AIMED SPECIFICALLY AT HIGH-EFFICIENCY SPS APPLICATION. THIS EFFORT SHOULD
INCLUDE THE ACTIVE DEVICE AND THE MICROCIRCUIT MATCHING, INCLUDING ANTENNA, IN

A SINGLE PACKAGE.
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Solid State Sandwich Concept
0. Maynard/Rsytheon
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The presentation material herein was used in
the General Session Session of the Solar Power
Satellite Workshop on Microwave Power
Transmission and Reception held at the
Lyndon B. Johnson Space Center, January
15-28, 1980. The workshop was conducted
s part of the technical assessment

process of the DOE/NASA Solar Power
Satellite Concept Evaluation Program.

All aspects of Solar Power Satellite
microwave.transmission and reception were
addressed including studies, analyses,

and laboratory investigations. Conclu-

sions from these activities were pre-

sented as well as recommended follow-on
work. The workshop was organized into
eight sessions as follows:

o General

Microwave System Performance
Phase Control

Power Amplifiers

Radiating Elements

Rectenna

Solid State Configurations
Planned Program Activities

The material contained herein supple-
ments the workshop papers which were
published and distributed at the time of
the workshop. Together they are a com-
prehensive documentation of the numerous
analytical and experimental activities in

the field of microwave power transmission
and reception.

@ Additional information

regarding the workshop

may be obtained by

contacting: R.H. Dietz
EE4/SPS Microwave Systems
National Aeronautics &
Space Administration
Lyndon B. Johnson Space Center
Houston, Texas 77058
713 483-4507
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contents

DOE / NASA Concept Evsiuation Progiram
Robert O. Piland, Lyndon B. Johnson Space Center

Solar Power Satellite Technical Overview
L. E, Livingston, Lyndon B. Johnson Space Center

Early Solar Power Satellite Concepts
Gordon Woodcock, Boeing

Microwave Systems Summary/Conclusions
Introduction to Pianned Program Activities
R. H. Dietz, Lyndon B. Johnson Space Center
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NASA

Solar Power Concept Evaluation
Satellite Program

Objective Yo cevalop by the end of 1880, an initial understandi=g of the economic practicality
and th: 3ociel and environmental acceptability of the Soler Power Satellite concept.
Funding Program components 77 78 79 80 Total
NASA  Systems definition 2500 1700 1300 800 6300
DOE Enviconment, health, ssfety 220 1940 2050 1740 5050
Socletal assessment ‘164 537 537 322 1560
Comparstive assessment 95 376 754 565 1790
2079 4553 4841 3427 15600
Program - 78 79 00
Milestones Program initiation PS
Baseline concept selection
Preliminary o
Final o)
Program recommendation
Preliminary (o]
Updated o
Final o

TECHNICAL WORKSHOP
OBJECTIVES

ASSESS AND CRITIQUE:

o THE ASSUMPTIONS, METHODOLOGIES AND CONCLUSIONS OF THE STUDIES

o THE IDENTIFIED CRITICAL ISSUES AND THE FOLLOW-ON WORK BEING
RECOMMENDED.
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SPS CONCEPT EVALUATION PROGRAM
SCOPE

COLLECTION AND CONVERSION OF SOLAR ENERGY IN SPACE

‘POSITIVE’ TRANSMISSION OF ENERGY TO EARTH FOR COLLECTION AND CONVERSION.

SPACE CONSTRUCTION MATERIALS FROM EARTH - USE OF NON-TERRESTRIAL MATERIALS
STUDIED OUTSIDE GF PRESENT PROGRAM

SPACE-BASED SOLAR REFLECTOR CONCEPTS NOT INCLUDED - ’SOLARES’ CONCEPT STUDIED
OUTSIDE OF PRESENT PROGRAM.
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Soler Power Satellite
Technical Overview

L. E. Livingston
Lyndon B. Johnson Space Center
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SPS OVERVIEW

SPACECRAFT DESIGN DIViSION

L.

E. LIVINGSTON

o SUMMARY OF MAJOR CONCLUSIONS REACHED TO DATE

o PRESENT DISCUSSION LIMITED TO BASIC SPS CONCEPT:

- SOLAR ENERGY COLLECTED AND CONVERTED TO ELECTRICITY IN GEOSYNCHRONOUS
ORBIT (GEO)

- MICROWAVE TRANSMISSION OF ENERGY TO EARTH

o ALTERNATE CONCEPTS NOT CONSIDERED:
- LASER TRANSMISSION
- LOW ALTITUDE SOLAR COLLECTORS
- ORBITING MIRRORS
- ETC . -
S
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SPS SYSTEM SPACECRAFT DESIGN DIVISION

L. E. LIVINGSTON

o SPS CAN BE BASELOAD SOURCE OF ELECTRICAL POWER

- CONTINUOUS SOLAR ILLUMINATION EXCEPT FOR OCCULTATIONS UP TO
75 MINUTES DAILY FOR 6 WEEKS AT EQUINOXES (99%)

- MINIMUM LOSSES DUE TO WEATHER EFFECTS

- MOST FAILURE MODES RESULT IN GRADUAL OR PARTIAL POWER LOSS RATHER
THAN ABRUPT, TOTAL OUTAGE |

o MAXIMUM FOWER PER MICROWAVE LINK ~5 GW
- CAN BE AS LOW AS 3 GW WITH MODEST COST PENALTY
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SPACECRAFT DESIGN DIVISION

NOMINAL EFFICIENCY CHAIN

L, E, LIVINGSTON

SOLAR DISTANCE .9675

- SEASONAL VARIATION .91

.1455 (si, CR1)

|
- { SOLAR ARRAY { .1437 (GaAs, CR2)
—-’ I
ARRAY . ARRAY POWER DISTRIBUTION .9368
ANTENNA POWER DISTRIBUTION .963
TRANSHITTING > DC-RF CONVERSION .85
THMH :
ANTENNA i a0 ANTENNA .9653

ATMOSPHERE .98

ENERGY COLLECTION .88

RECTENNA
RF-DC CONVERSIC:: .89

GRID INTERFACE .97

POWER GRID j
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ENERGY CONVERSION - SPS MASS

L. E. LIVINGSTON

SPACECRAFT DESIGN DIVISION

£1
SPS MASS, 106 KG (NO GROWTH)
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ENERGY CONVERSION - CYCLE TEMPERATURE RATIO

(SPACECRAFT DESIGN DIVI

Lo £, LIVINGSTON

n%

BRAYTON

o 105 KW SHAFT POWER PRODUCED

® 1242 K {1776°F) 2AX. TEMP

N TURBINE = 0.92

7 COMP = 3875

CYCLE PRESS. RATIO = 230
RECUP. EFF. = 0.66
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COOLER GAS SIDE EFFECTIVENESS = 0.90
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ENERGY CONVERSION - CAPITAL COST
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| SPACECRAFT DESIGN DIVISION

CELL MATERIAL AND CONCENTRATION RATIO

) \'4 N
NER l
b
CRL CR>2
SIMPLE CONSTRUCTION LOWER MASS COMPLEX CONSTRUCTION
HIGHER CELL EFFICIENCY FEWER CELLS LOW EFFICIENCY

SILICON - CR1:

EFFICIENCY LOSS FROM INCREASED TEMPERATURE NEGATES
ADVANTAGES OF CONCENTRATION

GALLIUM ARSENIDE - CR2:

SMALL EFFICIENCY LOSS MORE THAN COMPENSATED BY MASS
AND MATERIAL SAVING
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SPACECRAFT DESIGN DIVISION

POWER DISTRIBUTION

L. E. LIVINGSTON

HIGH-VOLTAGE DC SYSTEM HAS MINIMUM MASS FOR PHOTOVOLTAIC SPS WITH
SEPARATE ANTENNA
- OPTIMUM VOLTAGE DEPENDS ON DC-RF CONVERSION SYSTEM
- PLASMA INTERACTIONS MAY LIMIT VOLTAGE
- ORDERS-OF-MAGNITUDE IMPROVEMENT IN SWITCHING SPEED OF
STATE-OF-THE-ART DC SWITCHGEAR REQUIRED |
AC SYSTEM MAY BE PREFERABLE FOR THERMAL ENGINE CONVERSION SYSTEM

- AC GENERATORS
- ROTARY TRANSFORMER INSTEAD OF SLIPRING
- COMPONENT STATE-OF-THE-ART CLOSER TO REQUIREMENTS

LARGE DISTRIBUTION SYSTEM MASS PENALTY FOR SOLiD-STATE DC-RF CONVERSION IN
SEPARATE ANTENNA

ROTARY JOINT WITH SLIPRINGS IS FEASIBLE
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SPACECRAFT DESIGN DIVISION

MICROWAVE POWER TRANSMISSION
L. E+ LIVINGSTON

MICROWAVE POWER TRANSMISSION AT MULTI-GW LEVEL IS FEASIBLE

2,45 GHz FREQUENCY DESIRABLE
PROPAGATION THROUGH ATMOSPHERE
ISM BAND UTILIZATICN

ANTENNA, RECTENNA SIZES
HARDWARE TECHNOLOGY PROJECTIONS

PLANAR, SLOTTED-WAVEGUIDE PHASED ARRAY IS MOST EFFICIENT TRANSMITTING ANTENNA
10 pB, 10-STEP GAUSSIAN TAPER OPTIMUM FOR RECTENNA COLLECTION EFFICIENCY

SUBARRAY SIZE 10M x 10m
- COMPROMISE BETWEEN MECHANICAL, ELECTRICAL REQUIREMENTS
- 1 ARC MIN ANTENNA FLATNESS, 3 ARC MIN SUBARRAY ALIGNMENT
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SPACECRAFT DESIGN DIVISION

MICROWAVE POWER TRANSMISSION (coNnTINUED)
L. E. LIVINGSTON

POWER AMPLIFIERS:

- KLYSTRON FEASIBLE: HIGH GAIN, HIGH POWER, LOW NOISE: HEAT PIPE COOLING

- AMPLITRON LESS SUITABLE: PASSIVE COOLING:; LOW GAIN, LOW POWER, HIGH NOISE

- MAGNETRON WARRANTS FURTHER INVESTIGATION: LOW NOISE, HIGH EFFICIENCY,
SIMPLE DESIGN

PHASE CONTROL:

- ELECTRONIC FOCUSING AND STEERING REQUIRED

- CODED SIGNAL CAN PROVIDE SECURITY

- RETRODIRECTIVE SYSTEM: FAST RESPONSE: POSSIBLE CALIBRATION PROBLEM
- GROUND-BASED SYSTEM: SELF-CALIBRATING: SLOW RESPONSE

- HYBRID SYSTEM POSSIBLE

INDIVIDUAL RECTENNA ELEMENTS FEEDING RECTIFYING CIRCUITS IS MOST EFFECTIVE APPROACH
BASED ON ANALYSIS AND RESEARCH

SOLID STATE SYSTEMS:

- MAXIMUM POWER ABOUT 2.5 GW

- LARGER TRANSMITTING ANTENNA, SMALLER RECTENNA
- LESS MAINTENANCE

- ADVANCING TECHNOLOGY BASE

- FURTHER INVESTIGATION WARRANTED
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SPS ORIENTATION

SPACECRAFT DESIGN DIV]
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Lo E, LIVINGSTON
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SPACECRAFT DESIGN DIVISION

STATIONKEEPING AND ATTITUDE CONTROL

Le E. LIVINGSTON

o SOLAR RADIATION PRESSURE IS PREDOMINANT ORBIT PERTURBATION

- CONTINUAL CORRECTION NECESSARY TO AVOID EAST-WEST MOTION
THROUGH ADJACENT ORBIT POSITIONS

- ANNUAL PROPELLANT ~60 TONNES

o GRAVITY GRADIENT TORQUE IS PREDOMINANT ATTITUDE DISTURBANCE

- SOLAR RADIATION PRESSURE ALSO SIGNIFICANT FOR ASYMMETRICAL
CONFIRMATIONS

- BOTH DISTURBANCES CONTROLLABLE WITH DIFFERENTIAL THRUSTING DURING
CONTINUOUS ORBIT CORRECTIONS; VERY LITTLE ADDITIONAL PROPELLANT
REQUIRED

o ANTENNA POINTING CONTROLLABLE BY MOMENTUM EXCHANGE DEVICES
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STRUCTURE/CONTROL/MATERIALS SPACECRAFT_DESIGN DIVISION

L. E. LIVINGSTON

BECAUSE LOADS ARE LOW, STRUCTURE REPRESENTS A SMALL PART OF THE SPS MASS
STRUCTURAL DESIGN IS GOVERNED BY STIFFNESS REQUIREMENTS FOR DYNAMIC STABILITY

TRANSIENT THERMAL ENVIRONMENT IS MAJOR CONSIDERATION

- DAILY OCCULTATIONS AT EQUINOXES
- MPTS DAILY SOLAR CYCLE DISTORTS ANTENNA

GRAPHITE COMPOSITE MATERIAL WITH LOW CTE ATTRACTIVE FOR STRUCTURE

- THERMAL OSCILLATIONS MINIMIZED WITHOUT ACTIVE CONTROL
- HIGH ELASTIC COEFFICIENT ENHANCES STIFFNESS

- SIMPLIFIED DESIGN

- 30-YEAR LIFE NOT YET ESTABLISHED

ALUMINUM USABLE

- MUCH LARGER THERMAL DEFLECTIONS
- HIGHER THERMAL STRESSES

- INCREASED STRUCTURAL MASS

- MORE COMPLEX DESIGN

PERFORMANCE VERIFICATION IS ONLY POSSIBLE BY ANALYSIS
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SPACE CONSTRUCTION

1. E. LIVINGSTON

e SPS MUST BE CONSTRUCTED IN ORBIT

o SIX-MONTH CONSTRUCTION TIME FOR 5 GW SATELLITE IS TECHNICALLY
FEASIBLE

e EASE OF CONSTRUCTION IS A MAJOR DRIVER IN CONFIGURATION SELECTION

- FEW DISTINCT OPERATIONS REPEATED MANY TIMES EASIER
TO AUTOMATE '

- SIMPLE GEOMETRY

€2
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PHOTOVOLTAIC CONFIGUL. TION CONCEPTS

| SPACECRAFT DESIGN DIVISION

" COMCENTRATION
ch-2

LRy 8T

(25.31 kM)
(15.72 Mi)

HEEREREES (X1

HIGH CONCENTRATYION

PSR T . 1




| SPACECRAFT DESIGN DIVISION

SOLAR/THERMAL AND NUCLEAR CONFIGURATION CONCEPTS

L. E. LIVINGSTON

CAVITY ARBSORBER
(WITH BOILERS) 8
COMPOUND @

243 Km oA RABOLIC
CONCENTRATOR

!k&%‘ﬁ;
A7

AN

NUCLEAR
CONCEPT




| SPACECRAFT DESIGN DIVISION

Lo E, LIVINGSTON

REFERENCE CONFIGURATIONS
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LEO/GEQ CONSTRUCTION

Lo Es LIVINGSTON

 SPACECRAFT DESIGN DIVISION

o CONSTRUCTION IS POSSIBLE IN EITHER LEO OR GEO

o LEO CONSTRUCTION:

AERODYNAMIC AND GRAVITY GRADIENT LOADS MAKE CONSTRUCTION
OF COMPLETE SPS IMPRACTICAL

MODULAR SECTIONS OF SPS CAN BE CONSTRUCTED IN LEO AND
TRANSPORTED INDIVIDUALLY TO GEO ~OR FINAL ASSEMBLY

MOST PERSONNEL AT LEO
POSSIBLE SELF-POWERED TRANSFER TO GEO

o GEO CONSTRUCTION

MONGLITHIC STRUCTURE
FEWER PASSAGES THRQUGH EARTH'S SHADOW

REDUCED COLLISION HAZARD FROM DEBRIS

DRV Sy
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RANKINE CYCLE SPS

| SPACECRAFT DESIGN DIVISION

L. E. LIVINGSTON
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SPACECRAFT DESIGN DIVISION

MAINTENANCE
L. E. LIVINGSTON

MAINTENANCE OF OPERATIONAL SATELLITES WILL BE NECESSARY 10 KEEP
TRANSMITTED POWER AT REQUIRED LEVELS

MAINTENANCE FACILITIES CAN BE INCORPORATED IN CONSTRUCTION BASE

60-SATELLITE FLEET WILL REQUIRE ROUGHLY 1000 MAINTENANCE PERSONNEL
ON ORBIT

ey
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SPACE TRANSPORTATION SPACECRAFT DESIGN DIVISION

EARTH - LEO L. E, LIVINGSTON

TRANSPORTATION, PRIMARILY EARTH-TO-LEO CARGO, REPRESENTS ABOUT 1/4
OF SPS CAPITAL COST

BALLISTIC HLLV
- SMALLER, LIGHTER
- LOWER DEVELOPMENT COST

WINGED HLLV
- EASIER RECOVERY AND REUSE
- LOWER OPERATING COST
- USABLE FOR PERSONNEL TRANSFER

CHOICE INFLUENCED BY LAUNCH RATE REQUIRED

DEPRESSED TRAJECTORY CAN PREVENT DIRECT INJECTION OF HLLV EXKAUST INTO
TONOSPHERE
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SPACE TRANSPORTATION  SPACECRAFT DESIGN DIVISION
LAUNCH SITES da E, LIVINGSTON

o KSC:
- COULD SUPPORT CONSTRUCTION RATES UP TO 10 GW PER YEAR

- SONIC OVERPRESSURE AND NOISE CAN BE KEPT WITHIN ACCEPTABLE LIMITS

o EQUATORIAL:
- MORE FREQUENT LAUNCH WINDOWS
- LESS PLANE CHANGE BY 0TV
- OFFSHORE SITES PRACTICAL IN WATER DEPTHS OF AT LEAST 600 FEET

- TERRESTRIAL TRANSPORTATION COST AND TRANSIT TIME (LOST REVENUE)
ARE SIGNIFICANT CONSIDERATIONS
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o SOLAR-POWERED ARGON ION ENGINE SYSTEM (EOTV):

- LOWER OPERATING COST
- LONG TRIP TIMES SUITABLE ONLY FOR CARGO
- DEGRADATION FROM RADIATION IN VAN ALLEN BELTS

o CHEMICAL SYSTEM:

- COST ABOUT $1B MORE PER 5 GW SATELLITE
- USABLE FOR BOTH CARGO AND PERSONNEL
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Early
Solar Power Satellite

Concepts

Gordon Woodcock
Boeing

33
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NNASA

Solar Power Early Concepts
Satellite

1968 Glaser

1973 ADL/Grumman/Raytheon/
Spectrolab Study for

@ NASA LeRC
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Configuration Concepts Circa 19724
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SOLAR-BRAYTON POWER SYSTEM CONCEPT BRAYTON-PHOTOVOLTAIC COMPARISON

*“THEREFORE, WHILE RECOGNIZING THAT SOLAR CELLS MAY ULTIMATELY
PROVE TO BE THE BEST SOLUTION, WE EXAMINED THE ALTERNATIVE OF A
SOLAR CONCENTRATOR AND HEAT ENGINE.”
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Comparison of Power Satellite Option Sizes

NUCLEAR (ROTATING
SILICON PARTICLE BED)
PHOTOVOLTAIC @
- T
2.45 kM
GoAs (.52 Mo)
PHOTOVOLTAIC THERMIONIC
BRAY7ON
(33.53 kM) 209 kM 18.20 kM
(20.83 Mi) (18.47 Mmi) (1131 mi)
L OERE— _L

ALL ARE TO SAME SCALE, END-OF-LIFE CONFIGURATION)
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SPS System Definition Study
Design Evolutions

O G =

PART 2 MID TERM

PART 2 FINAL

ORIENTATION PART 1 MIDTERM PART 1 FINAL
SILICON SILICON CR 2 10 OPTIONS SILICON CR 1 SILICON CR 1
JSC TRUSSCR 2 10 GW EOL SILICON  GsAs 10GWEOL 9.3 GW EOL WITH OPTIMUM
10 GW 8OL s CR2  roSh)  ANNEALABLE RECTENNA Size
o K MAINTENANCE METHODS ANNEALABLE
g o=
PHOTOVOLTAIC ‘ e n B g ﬂ:_’> % -
s | N —
; £ - =2
' HR : -
Gd =
’ -y (NOT TO SCALE)
10GWBRAYTON  BRAYTON WITH RANKINE RANKINE PEP
MSFC STUDY ENLARGED “CONSTRUCTIONIZED" rer NON-OEGRADING
CONCENTRYOM BRAYTON $ CONCENTRATOR
THERMAL ENGINE x (1) et
' $PS’S 9
230 TON HLLV o?v FAOM FSI’EA «mon HLLVS SELFPOWER OTS
o‘c;.:L,v :tuov ~ (178 398 MOOWLE)
SPACE K
HLLY
TRANSPORTATION é 400-TON
CONSTRUCTION EQUIPMENT .ca-z et ca;.\. cov;suucnou SASE
CONCEPTS CONSTRUCTION BASE ot WITH ANTENNA FACILITY
CONSTRUCTION :
CONSTRUCTION . : & BASE
BASES ﬁ
“"ll.'féf»:g‘ }




PROPELLANT PROSUCTION REQUIREMENTS
SPS CONSTRUCTION AT 23,050 MEGAVATTS/VR

GTERND
METRIC TONS/YR Tt cAPITAL
MLV POTV EOIV Py TONS/DAY COST tMM
107 26,00 372 Low Smm s>
LoH, s o o B 220 as | Fromcout
. Uy 13,04 s 3 3,0% &= 5 and Alr
" ARGON < 0 W& 0 - B> - °g
i
[=> Capacity muluuhat start of program; includes 2% margin é%
> 1" U.S. capecity Is abeut 30,000 tonskdey ex

> 2. 020 of U.S. Netursl Gas Consumplion In B77
[T> Tctcy's capecly Is 100 TDey

> Bypreduct of 102 Phant
£=> 10,20 T cal + 1030 megcaats oleciric power.  Coal use Is 0.7 of U.S.'7?



INTEGRATED SPS PROGRAM OPERATIONS

SPS MAINTENANCE OPS

Geo

—= GEO BASF

/ . g:: ¢ 3T. OPS
. {. 7URC OPS
SPACE . SPS MAINT, STAGING

F TRANSPORTATION
- T
. SPS/UTILITY /C:/ =3 / _DEPOT OPS
GRID OPS
/=3

LEO £, - mon s ecovery; / §?¥.§2" evor ops

\/./; /i
@

1 23

— T P MISSION CONTROL OPS
By, o Py oy
/ . % S %

~ ‘*’\'f@ 3 o ' cowit o6
« RECTENKA « SURFACE TRANSP OPS

CONSTRUCTION OPS
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SPS HARDWARE AS COSTED

LESS IMPLICIT AMORTIZATION
OF INVESTMENT

SPACE TRANSPORTATION

CONSTRUCTION OPERATIONS
GROUND TRANSPORTATION
RECTENNA

MISSION CONTROL

PROGRAM MANAGEMENT &
INTECRATION

COST ALLOWANCE FOR MASS
GROWTH

TOTAL DIRECT OUTLAY

SPS RECURRING COST SUMMARY
(1979 Dollars)

NEEING o

4946
473

73

3120

961
35
518

495

%%

12,432

(Half of 10.61% per annum on
8924 M for factories and
production equipment)

Based on SPS mass with growmth'
Includes 10 siipport peopiz on

the ground per space werker as
well as construction base spares

" Equivalent to 14,000 direct people

1% of net SPS hardware cost
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Annual Revenue Requirements in 1978 Dollars

-

2 - 6400 MW COAL PLANT "
< (CAPITALIZED AT $1043) <
. P |
g ¥r L 8 3F 6000 MW SPS
3 s |
@ 2
5 g N
- 20 - 2 ’ %
o '?7 <,
: « %
S z T OQQ,, ¢
w e ‘G‘Q
o 3 %‘
a w EARNINGS
w
2 [ eannings 'é oLM
& & DEPRECIATION -
@ DEPRECIATION PACRT @ X " PACAI
2000 2010 2020 2030 2040 2000 2010 2020 2030 2040

*FUEL PRICE ESCALATING AT SX/YEAR IN 1978, DROPS LINEARLY TO 2%X/VEAR
8Y 2020, STAYS AT 2%/YEAR THROUGH 2040 '

**p0ST AMORTIZATION CAPITAL RELATED
(EARNING, DEBT SERVICE, TAXES AND INSURANCE ON 10% OF CAPITAL INVESTMENT)

Dk L o
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AMORTIZATION OF NONRECURRING COST

4000 15% D1SCOUNT
. 10% DISCOUNT
-
z W0~ = ———————""T===oo T T T "~ 5% DISCOUNT
f‘ = NO DiSCOUNT
O
(&
¥ 2000 |-
w
1000 |-
> :
DOE PROBABLE <
REF, u.S. WORLD, LOW-SIDE
0 L 1 ] I
0 50 100 150 200

MARKET SIZE, NO. OF 5-GW SPS
BY 2030
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Micromave Systsms
Summaery /Conclusions

Introduction to
Planned Program Activities

R. H. Distz
Lyndon B. Johnson Space Center

e 4 INTENTION:LLY Biiig,
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NNASAN Solar Power Outline
Satellite
e Concept Evaiuation Program
e Historical Background
o Reference System Overview
e Solid State Configurations
e Conclusions
NASA Solar Power Concept Evaluation
Satellite | Program
Objective To develop by the end of 1980, an' initial understanding of the economic practicality
and the social and environmental acceptability of the Sclar Power Satellite concept.
Funding Program components 77 78 79 80 Total -
NASA Systems definition 2500 1700 1300 800 6300
DOE Environment, health, safety 220 1940 2050 1740 5950
Societal assessment 164 537 537 322 1560
Comparative assessment 95 376 754 565 1790
2079 4553 4641 3427 15600
Program 77 78 79 80
Milestones Program initiation P
Baseline concept selection
Preliminary ()
Final (o)
Program recommendation
Preliminary e}
Updated (o)
Final (o)

m__;f_{_fMNWENTKE wad¥ L
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NNASA

Solar Power Early Concepts
Satellite

1968 Glaser

1973 ADL/Grumman/Raytheon/
Spectrolab Study for
NASA LeRC

48
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NANASA Solar Power
Satellite
+« 1 1964-MW Transmission Experiments -
Brown

2 1969-1974/0rbit to Orbit Feasibility -
MSFC/Raytheon - $130K
3 MPTS feasibility - ADL/LeRC -
$250/25K
+ 4 Lab DC-DC n/Goldstone rectenna -
JPL/Raytheon - $785K
5 Complete MPTS Study -
LeRC/Raytheon - $408K
- 6 Rectenna improvements -
LeRC/Rayiheon - 38K
7 Initial Technical/Env/Econ SPS Eval -
JSC
8 SPS Engineering/Economic Analysis -
MSFC
9 SPS Concept Evaluation -
MW System Trades - JSC
+10 Phase 1 Technology development
of CFA-LeRC/Raytheon - $235K

cYy

Studies/Experiments Microwave Power Transmission and Reception

1973

( F A AR RN N R NNN )

»Indicates
laboratory
investigations

—

197 ¢

197§

LE XN NENEE R XNRN

1976

1977

1978

1979

1980

Pooooooo.ooo




W“ PRI T L R e wha e

NNASA Solar Power

Satellite

21 Solid State Device/Circuit Analysis -
Ri/Waterloo - $15K
+22 Thin waveguide/magnetron exp. -
JPL/Raytheon - $129K
23 Electrostatic Protection of
the rectenna - MSFC/Rice $53K
24 Pointing Controi Accuracy
Analysis - MSFC/U of Tenn. - $10K
25SPS Systems Definition Study (i) -
JSC/Boeing - $1358K
26 Class E Solid State rf amp -
MSFC/Design Auto - $14K
27 Pilot beam xmtr sizing/ionospheric
effects - MSFC/Raytheon - $25K
28 S-Band Solid State xmtr analysis -
JSC/RCA - $30K
29 Phase Control Hardware Sirn (11} -
JSC/Lincom - $185K
30 Solid State Sandwich Power
Transmission - MSFC/Raytheon $50K
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