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Abstract
The possibilities for using satellite solar power stations for
large-scale power generation on earth, converting solar energy into
microwave energy, transmitting it to the earth's surface, and transforming it into electricity have recently been explored. The current
s~ate of technology and the necessary developments for accomplishing
the four functions, i.e., collection of solar energy, conversion to
and transmission of microwaves and rectification to DC on the ground,
are reviewed. The requirements for flight control, earth-to-orbit
transportation, and orbital assembly are discussed. Environmental
issues, including impact of waste heat release, water injection into
the upper atmosphere by space vehicle exhaust, noise pollution, and
location of antenna sites are listed. Biological effects and radio
frequency interference are explored. The time frame for accomplishing
the ~perational system is outlined.
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A.

Principles of a Satellite Solar Power Station

Figure 2 shows the design principles for an SSPS. Two symmetrically arranged solar collectors convert so~r energy directly to
electricit y by the photovolta ic process while~he satellite is maintained in synchronou s orbit around the earth.?- The electricit y is fed
to microv.·ave generators incorporat ed in a trafumittin g antenna located between the two solar collectors . The antenna directs the
microwave beam to a receiving antenna on earth where the microwave
energy is efficientl y and safely converted back to electricit y.
An SSPS can be designed to generate electrical power on earth
at any specific level. However, for a power output ranging from
about 3000 to 15,000 megawatts (MW), the orbiting portion of the
SSPS exhibits the best power-to-w eight character istics. Additional
solar collectors and antennas could be added to establish an SSPS
system at a desired orbital location. Power can be delivered to
most desired geographic locations with the receiving antenna placed
either on land or on platforms over water near major load centers
and tied into a power transmissi on grid. The status of technology
and the advances which will be required to achieve effective operation for an SSPS are described in the following sections.
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Location of Orbit

~ The preferred locations for the SSPS are the earth's equatorial
~jnchronous orbit stable nodes which occur near the minor axes at
longitudes of about 123• West and 57° East. The SSPS would be positioned so its solar collectors always faced the sun, while the
·antenna directed a microwave beam to a receiving antenna on earth.
In an equatorial synchronous orbit, the satellite can be maintained
stationary with respect to any desired location on earth. About
30,000 pounds per year of propellants for attitude control would be
required to overcome orbit-disturbing influences, such as the gravitational effects of the sun and moon, solar pressure, and the eccentricity of the earth. The microwave beam would permit all-weather
transmission so that full use could be made of the nearly 24 hours
of available solar energy.

l-

:ed

An SSPS in synchronous equatorial orbit would pass through the
earth's shadow around the time of the equinoxes, when it would be
eclipsed for a maximum of 72 minutes a day (near midnight at the
receiving site). This orbit provides a 6- to 15-fold time advantage
over solar energy conversion on earth. A comparison of the maximum
allowable costs of solar cells indicates that for terrestrial solar
power applications these devices are competitive with other energy
conversion methods if they cost about $2.30 per square meter. Because of the favorable conditions for energy conversion that exist
in space, these cells would be competitive if they cost about $45
per square meter in an earth-orbit application.IO

i

2.

Solar Energy Conversion

The photovoltaic conversion of solar energy into electricity is
iaeally suited to the purposes of an SSPS. In contrast to any process based on thermodynamic energy conversion, there are no moving
parts, fluid does not circulate, no material is consumed, and a
photovoltaic solar cell can operate for long periods without maintenance. Photovoltaic energy conversion has been developed substantially since the first laboratory demonstration of the silicon solar
cell in 1953. Today, such cells are a necessary part of the power
supply system of nearly every unmanned spacecraft, and considerable
experience has been accumulated to achieve long-term and reliable
operations under the conditions existing in space. As a result of
many years of operational experience, a substantial technological
ba..se exists on which further developments can be based.II These
developments will be directed toward increasing the efficiency of
sq}ar cells, reducing their weight and cost, and maintaining their
o~eration over extended periods.
3.

Microwave Power Generation, Transmission, and Rectification

The power generated by the SSPS in synchronous orbit must be
transmitted to a receiving antenna on the surface of the earth and

I
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then rectified. The power must be in a form suitable for efficient
transmission in 1arge amounts across long distances with minimum
losses and without affecting the ionosphere and atmosphere. The
power flux densities received on earth must also b~ at levels which
will not produce undesirable environmenta l or bfological effects.
Finally, the power must be in a form that can be c~nverted, transmitted, and rectified with very high effic:i ency by-'known devices .

.

All these conditions can best be met by a beam link in the microwave part of the spectrum. In this part of the spectrum a frequency
of 3.3 GHz was selected because induced radio frequency interference
can be limited so that an appropriate internationa lly agreed upon
frequency could be assigned to an SSPS.
As early as 1963, Brown 12 demonstrated that large amounts of
power could be transmitted by microwaves. The efficiency of microwave power transmission will be high when the transmitting antenna
in the SSPS and the receiving antenna on earth are large. The dimensions of the trans~itting antenna and the receiving antenna on
earth are governed by the distance between them and the choice of
wavelength.1 3
The size of the transmitting antenna is also influenced by the
inefficiency of the microwave generators due to the area required
for passive radiators to reject waste heat to space and the structural consideratio ns as determined by the arrangement of the individual microwave generators. The size and weight of the transmitting
antenna will be reduced as the average microv.-ave power flux density
on the ground is reduced by increasing the size of the receiving
antenna and as higher-frequ ency microwave transmission is used. The
size of the receiving antenna will be influenced by the choice of
the acceptable microwave power flux density, the illumination pattern
across the antenna face, and the minimU!ll microwave power flux density required for efficient microwave rectification .
Several power distribution s for the transmitting antenna can be
identified which concentrate at least 90% of the power at the ground
within the main lobe, along with an indication of the nature of side
lobes to be expected. Several approaches are available to control
the side lobes. The ground site selection criteria will be greatly
influenced by results of projected earth resources studies, as well
as social and political consideratio ns. System aspects of site selection lend themselves to relatively simple and known analysis techniques.
Highly efficient ground power distribution systems, such as the
underground, cryogenic, high-voltage de system, are anticipated to be
well developed in the operation time period of the SSPS. Such systems
will permit a rationale for location of power consumption centers,
such that they may not necessarily be close to the power supply

-
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station. The low power flux density and the efficient receiving
ant~~na will permit a full utilization of land under the antenna.
The7tiological effects of the non-ionizing radiation, which are the
subJ:ect of investigation now, can be anticipated to become sufficiently well understood so that a straightforward SSPS biological
effects program can be implemented to define criteria and limitations
for several ground selection and multiple utilization options.
B.

SSPS Flight Control

Although the SSPS is orders of magnitude larger than any spacecraft yet designed, its overall design is based on present principles
of technology. Thus, its cons·truction and the attainment of a 30-year
operating life require not new technology, but substantial advances
in the state of the art.
The SSPS structure is composed of high-current-carrying structural elements, the electromagnetic interactions of which will induce
loads or forces into the structure. Current stabilization and control techniques are capable of meeting the requirements of spacecraft
now under development. Most of these spacecraft have comparatively
rigid structures and are amenable to control as a single entity by
reaction jets or momentum storage devices. But the large size of an
SSPS at first suggests that new structural a~d control system design
approaches may be needed to satisfy orientation requirements. However, results of analyses indicate that present structural analytical
techniques and tools are adequate and that an SSPS can be controlled
such that the solar collector will point at the sun to± 1 degree,
the transmitting antenna can be mechanically controlled to± 1 arc
min, and the direction of the microwave beam electronically maintained to± 1 arc sec. 4 Low-thrust, ion propulsion systems appear
promising for SSPS control because their performance characteristics
are compatible with the potential lifetime required of the SSPS.
C.

Earth-to-Orbit Transportation

A high-volume, two-stage transportation system will be required
for an SSPS: (1) a low-cost stage capable of carrying high-volume
payloads to low-earth orbit (LEO); and (2) a high-performance stage
capable of delivering partially assembled elements to synchronous or
some-intermediate orbit altitude for final assembly and deployment.
The :factors affecting flight mode selection include payload element
size.y payload assembly techniques, desirable orbit locations for
ass~mbly, time constraints, and requirements for man's participation
in the assembly. The choice of transportaion system elements includes
currently planned propulsion stages and advanced concepts optimized
for an operational SSPS system. Minimum cost transportation combinations will have to be identified which can fulfill the require-

..J
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ments for SSPS delivery, assembly, and maintenance for an operational
system. The challenge of an SSPS capable of generating 5000 MW of
power on earth is to place into orbit a payload of about 25 million
pounds and propellant supplies for station- keeping purposes of about
30,000 pounds per year.
D.

Orbital Assembly

Operations in space involving assembly have been limited to
docking two actively maneuvering vehicles together. However, studies
of modular space stations which dock a nwnber of similar masses to
form a large complex in orbit have been performed. In general, to
effect a mating, attitude control is required on both target and
docking vehicles.
After a docking vehicle contacts a space assembly, several things
happen: (1) the assembly experiences loads; (2) modular elements deflect relative to each other; and (3) possibly disruptive control
forces and G loads are transmitted throughout the space assembly.
In general, the weak link in a space assembly is the docking interface, since it has a smaller cross-sectional area than the prime
construction element. Relatively large space assemblies have been
analyzed in modular space station studies and found to be controllable during assembly,14 providing that a prescribed build-up sequence
is followed and that grossly asymmetric configurations are avoided.
In addition, there is a significant interplay between docking contact velocities, target and docking vehicle flight control, and
docking mechanism characteristics. In general, direct vehicle
docking contact velocities of about 0.5 fps and manipulator docking
contact velocities of 0.1 fps are compatible with currently planned
spacecraft systems. The large, more flexible SSPS type spacecraft
will require significantly lower contact velocities because of the
size and flexibility of the system and its potential damping characteristics. Zero or near-zero contact velocities may be required,
together with appropriate docking or joining mechanisms and control
techniques during assembly. Because a considerable portion of the
SSPS structure may be part of the power distribution system, new
joining and assembly techniques may be required.
Assembly sequences and modes and desirable assembly altitudes
have to be identified to define the assembly requirements for the
SSPS's large area and light-weight structure. Once the framework
for the basic SSPS structure has been developed, including the
potential sizes and sub-element characteristics of major components,
such as the solar collector arrays, the transmitting antenna and
structural members, alternative assembly sequences, modes, and
attitudes can be evaluated. These could include automatic or operator assembly options, and assessments as to the portions of the
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assembl y process to be carried out a-t low-ear th orbit altitud es, at
int~me diate or at synchro nous altitud es. With this knowled ge, the
app!f)p riate control techniq ues during the assembl y process can then
be identif ied and develop ed.
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The SSPS appears to have limited environ mental and ecologi cal
impacts at the receivin g antenna . The followin g are the potenti al
environ mental impacts :4

•

Waste heat release d by natural convect ion at the rece1v1 ng
antenna does not constit ute a signific ant thermal effect
on the atmosph ere. If the antenna is located in desert
regions where water is limited , there may be some slight
modific ation of the plant community at and near the antenna
site.

•

With RF shieldin g incorpo rated below the rectify ing element s,
the receivin g antenna operatio n can be compati ble with other
land uses because there is only a small degree of reductio n
of solar radiatio n receive d on the ground below the antenna .
However, installa tion and mainten ance of the antenna has to
be planned because extensi ve activit ies may be damaging to
some ecologi cally importa nt systems .

•

Injectio n of water into the stratosp here and upper atmosphere by space vehicle exhaust s would be small in contras t
to the natural abundan ce, and does not appear to constit ute
a signific ant environ mental effect. However, a detaile d
assessm ent of these effects will have to await a better
definit ion of the nature of the upper atmosph ere.

•

Noise pollutio n from the launch operatio ns would be of concern in the irunedia te vicinity of the launch facilit y and
would have to be reduced by suitabl e design techniq ues or
locatio n of the launch facilit ies.

•

There is substan tial flexibi lity in choosin g a suitabl e location for the receivin g antenna . The area has to be contiguous but need not be flat terrain . The locatio n can be
in a region where the land is not suitabl e for other uses
(e.g., desert areas, previou sly strip-m ined land, or near
major electri cal power users like aluminum smelter s).
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Biological Effects

There exist conflicting interpretatio ns of the effects of microwave exposure throughout the sd entifj c community. Because of the
lack of internationa lly accepted standards, baseo on experimental
data, to place a specific and allowable level on~mjcrowave exposure,
the SSPS will have to be designed to accomrnodate~a wjde range of
frequencies and microwave power flux densjties. ~Precise pointing
of the microwave beam must be achievable with attitude stabilization
and automatic phase control to assure efficient transmission of the
power to the receiving antenna. The design approaches already identified indicate that this objective can be met. The transmitting
antenna size, the shape of the microwave power distribution across
the antenna, and the total power transmitted will determine the level
of micro\\·ave power flux densities in the beam reaching the earth.

·~

The effects on birds exposed to microwave power flux densities
within the beam at the receiving antenna and the effects on ajrcraft
accidentally flying through the beam, even though projected to be
negligible, will have to be determined experimental ly. The microwave system design requirements of the SSPS must be established so
as to result in low microwave exposure levels to assure safe operations which will be acceptable on an internationa l basis.
3.

Radio Frequency Interference

Design and development of the microwave generation device with
its filters and controls are required to further define criteria for
radio frequency spectrum contribution s associated with noise and
harmonics. High overall efficiency is attributed to circuit efficiency and internal dc-to-rf conversion efficiency which depend on
achievable values of rr.agnetic field and low but achievable power
losses. The RF spectrum effects are associated with the fundamental
frequency and its harmonics, turn-on and shut-do\,~ sequence, random
background energy, and other superfluous signals resulting from the
specific design.
Further studies are required in the areas of filtering technology
and the design of the device integrated with its power input and control, and integrated in the higher level of assembly with the transmitting antenna; narrowband operation permitted by the SSPS application in determining and achieving near-optimum gain; and noise measurements specifically associated with the micro\\·ave tubes.
The effects of SSPS radio frequency interference on other users
will be substantial, unless the frequency is selected so as to avoid
the more sensitive services close to the fundamental frequency. It
is very likely that current users would be required to relinquish
their frequency all9cation to the SSPS. Frequency allocation priority
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may be achieved if the SSPS can be shown to contribute significantly
to~ulfilling the nation's and the world's power needs.

-

Most sensitive radio astronomy services require fixed narrow
The 3.3 GHz
bands for operation spread throughout the spectrum.
for SSPS fundamental was selected primarily to maximize the capability of filtering SSPS noise at the existing radio astronomy frequencies because filters can be designed and developed to achieve
this objective.

~1

~-';.

!il1ii~i

Potential interference with shipborne radar must be investigated
unless the advanced technologies in Amplitron device design and filtering are achieved.
Amateur sharing, state police radar, and radio location from
high-power defense radar in the 3.23- to 3.37-GHz band will suffer
interference. Thus, specific allocation for the SSPS would have to
be negotiated with such users in mind. This is not to infer that
interference and re-allocation are recommended as acceptable. Rather,
detailed and specific ~ffects and impacts on these users in this small
band must be determined before the acceptability of specific frequency
allocations can be established.
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F.

Time Frame

Based on an assessment of the steps required to develop the
various technologies, it is reasonable to conclude that a prototype
SSPS can be demonstrated in the early 1990's (see-Fig. 3). In parallel with the development of technology, environmental effects, economic constraints and social impacts should be as~essed so that the
overall desirability of an SSPS can be compared w1th other energy
production methods. 15
The activities and developments specifically related to an operational SSPS system consisting of a network of satellites are assumed
to be directed towards a commercial venture with potential for international participation. Such participation would assure that the
benefits of the development of the SSPS on a scale which can be of
benefit to many nations could be modeled on the successful introduction of .communication sat el 1i tes. The research, development, and
verification program is aimed at providing an option for poi.er generation on a time scale which is meaningful in terms of the development of other options whether they be based on solar energy or other
energy sources i\·hile providing tangible returns even if the SSPS
option is not exercised.
.- .: 3r . .).
.: /~ ·. .'

Conclusions
The realization of the concept of a Satellite Solar Power Station
not only represents a major challenge to technology but also an
unparallelled opportunity to apply space technology for the benefit
of mankind. No fundamental breakthroughs are required to achieve the
objectives identified with the SSPS but rather major advances and
improvements over existing technology. Just as only 15 years ago
it was unimaginable that a space shuttle could be developed to transport massive payloads into orbit and repeat the mission 100 times,
so today the mission to orbit a satellite as large as an SSPS appears
to be a formidable undertaking. The questions that need to be answered are not only i.hether the required technology can be developed
because the answer most likely
will be yes - but rather whether the
.~
development of an SSPS to meet future energy demands is an option
that should be pursued.
In addition to solar energy, several other energy sources have
the potential to meet future energy requirements, but only very few
are truly in harmony with the environment and conserving the finite
resources of the earth. Solar energy applications, such as the SSPS,
are still in an early stage of development. Thus, it is too early
to tell which of the approaches now being studied will be judged to
have the greatest potential to be of overall benefit to society.
As more is learned about the operating characteristics of potentially
competitive electrical energy-generating systems, the views on what

~·
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best pe!forma nce represen ts in tenns of particul ar operatin g parameters wiJ.J. continue to evolve. Thus, the criteria for decision- making,
whether- based on cost, resource conserva tion, or environm ental enhancemen t, may be quite differen t in the future, and will continue
to change as long as technica l developm ents continue actively on the
various energy-p roduction methods.
Alternat ive energy producti on methods, such as an SSPS, if
successf ully develope d over the next few decades, will permit society to look beyond the year 2000 with the ass:cirance that future
energy requirem ents could be met without endanger ing the planet
Earth. But even successf ul developm ent of solar energy conversio n
alternat ives will still require approach es to reduce energy consumption, for the ultimate ceiling to energy productio n will be the
ability to dissipat e the heat produced at the point of use of electrical power.
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