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Abstract

A roadmap is presented towards Space Solar Power,
emphasizing international collaboration, synergy with the
terrestrial energy industry, and with retail power beaming
markets. The initial risk-reducing startup process includes
two multinational experiments. The first will use the International Space Station to conduct a long-term experiment
on millimeter wave power beaming, aiming, reception and
atmospheric propagation. In a following experiment, two
multinational satellites will be used to study and demonstrate a day-night power exchange between stations on opposite sides of the planet. Various aspects of these experiments are discussed.
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The first steps are logically derived.
Two sequential steps are proposed in this paper. The
first is an experiment using the International Space Sta2 Nomenclature
tion (ISS), partly derived from Potter et al [18]. From
GEO
Geo-Stationary Earth Orbit
the ISS, a small amount of solar-generated electric power
Girasol
SSP converter satellite
will be beamed to participating nations over a period of a
GWe
GigaWatts of electric power
few years. This experiment will collect data and improve
c
Launch cost to LEO, in $ per kg of payload
technology on the choice of frequency, atmospheric beam
k
Viability Parameter for SSP architectures
propagation, magnetic field effects, health hazards, pointkW
kiloWatts. One thousand Watts
ing uncertainty and not least, the intricacies of several nakW h
kiloWatt-hours.
tions working together on a truly global project.
LEO
Low Earth Orbit
The second is a multinational experiment where up to
Mirasol
Ultralight solar collector satellite
6 waveguide satellites are placed in orbit. Beamed power
MW
MegaWatts. One million Watts
will be exchanged between different parts of Earth through
NPV
Net Present Value
Space, modeling, demonstrating and refining real-time
P
Price of electric power, US dollars per kWh
power exchange that will enable renewable power plants on
PV
Photovoltaic
Earth to radically improve their business prospects. This is
ROI
Return on Investment
the starting point of the Space Power Grid [19, 20].
S
Specific Power, kW to Earth per kg in orbit
Other technical advancements needed for full scale
SSP
Space Solar Power
SSP are summarized below. Many of these can be acSPG
Space Power Grid
complished in ground experiments and modeling during
TWe
TeraWatts of electric power. One thousand GWe the course of the proposed 5-nation project, and will set
η
Efficiency of transmission to Earth
the stage for a rapid progression to realizing the dream of
Space Solar Power.

3

3.1

Introduction

When Space-based solar power [1–3] provides the 4 to
8 TWe needed to replace terrestrial fossil primary electric
power, we can expect to see a constellation of 4000 to 8000
satellites, each delivering on the order of 1 Gigawatt of
electric power (1GWe) to the terrestrial power grid. Looking up from any point on Earth, one should expect to see
one or two of these satellites within one’s range of vision
at any time. Most nations will be participants and partners, much more than with today’s communications satellites and the Global Positioning System (GPS). The massive global investment needed for this enterprise, requires a
2

Organization of the paper

The paper is organized as follows.
1. The Viability Parameter for SSP [21, 22], shows why it
is essential to achieve certain levels of specific power,
efficiency, launch cost and selling price of power. We
then discuss why and how SSP can become viable.
2. The technical advances needed, and their uncertainties,
are logically reduced to the two proposed demonstrations.
3. The ISS experiment is summarized.
4. The multinational power exchange is introduced.
5. These open a discussion on the steps needed to proceed
Copyright c Narayanan Komerath

towards the two experiments.

4

Under What Conditions Will SSP Become Viable?

Much has been written and proposed about SSP, a longtime dream of humanity [4, 10, 23–31]. It has not been realized because we have not achieved the technical and economic state of progress to build a viable system. A rule
of thumb for viability of SSP developed from architecture
studies by our group is the value of the parameter k which
was first introduced in [32]. The value of 25000 in Equation
1 is set such that k∼1 is where the architecture is reasonably certain to achieve viability, i.e., reach zero Net Present
Value and the desired size, at an acceptable Return on Investment, by Year 50 from project start.

k = 25000Pηs/c

(1)

Here P is the selling price of space-generated power in
$/KWh, η is the efficiency of transmission to the ground,
S (kWe/kg) is the specific power, defined as the power delivered to the terrestrial grid per unit mass needed in orbit
to do so and C ($/kg) is the launch cost to low earth orbit
(LEO). Today the launch cost is not below $2200 per kg to
LEO, and most people would say $5000 per kg. The photovoltaic (PV)-based, GEO-located SSP architectures that
have been proposed to-date do not promise values of k over
0.3, and thus have little hope of becoming commercially
viable on a large scale. Unsurprisingly, most proposals todate do not project beyond the first small-scale, taxpayerfunded demonstration.
Our architecture focuses on the innovations needed to
improve the specific power and end-to-end efficiency parameters. GEO-based microwave architectures [33–35]
rarely get beyond 0.2 kW per kg in orbit. PV architectures
even with our SPG architectures using mid Earth orbit trajectories and millimeter wave beaming, can barely break
through 1.0.
In prior work we have presented two major departures
from traditional architectures:
1. Reduce the orbit height from 36,000 km (GEO) to
2,000 km [36]. This of course implies dynamic pointing and beaming, with power exchange intervals as
short as a few minutes over any given station for each
3

satellite. As mentioned at the outset, when SSP becomes significant, there will be thousands of satellites
in orbit, so continuous beaming, even though it is not
essential, will be quite easy to ensure.
2. Increase the beaming frequency from the 2.4 and 5.8
GHz microwave range, to 220 GHz millimeter waves
[37]. This is a substantial technical risk, but we project
that with present research advances in milimeter waves
[38–41] and SSP as motivator, the conversion efficiency and mass-specific power will reach levels that
make this viable within the time available before the
first SSP converter satellite design is frozen for construction and deployment, i.e., the next decade.
The effect of these two changes on infrastructure size
can be seen from Equation 2, the well-known Friis antenna equation relating transmitter and receiver diameters
(Dt , Dr ), wavelength λ and beaming distance R, and from
Table 1. The ISS and 2000km orbits shown in the table are
dynamic beaming examples, so that the receiver is sized
to capture beams at 45 degrees inclination from the zenith.
The factor of 6.48 instead of the usual 2.44 is because [42]
utility power systems will insist on receivers that capture at
least 93.8 percent of the beam energy (second bright ring
of the Airy Disc [43, 44] formed by the diffraction pattern
of a finite-aperture, high gain, Gaussian beam), rather than
the 84 percent main-lobe capture used in presentations of
GEO / microwave architectures.

Dr =

6.48Rλ
Dt

(2)

Three other advances boost the Viability Parameter [45].
1. Use tethered and high-altitude, lighter-than-air atmospheric platforms [46–48] to carry antennae [49]. Millimeter waveguides in the tethers eliminate the high
losses of transit through the wet and dense lower atmosphere.
2. Alleviate the intermittency and improve the business
case of terrestrial renewable power generation, using a synergistic Space Power Grid for power exchange. This will be the initial mechanism to fund riskreduction and market establishment, before launching
the massive SSP satellites [20, 32]. This point is most
difficult to convey to SSP enthusiasts. But opening this
Copyright c Narayanan Komerath

TABLE 1.

Orbit

GHz

Dt, m

Dr, m

ISS

220

2.26

2215

2000km

220

50

500

GEO

220

50

6362

GEO

5.8

50

241324

GEO

2.4

1000

29160

Receiver Sizes for Some Altitudes and Frequencies

global public-private collaboration early is essential to
bring about Space Solar Power as a global power solution.
3. Use Brayton cycle conversion from intensified sunlight, rather than photovoltaic conversion. The mass
per unit power for PV conversion remains constant,
independent of the power or intensity level. Beyond
about 2 suns of intensity, PV conversion offers no mass
reduction because of the need for an active thermal
control system [50]. On the other hand, the mass of
Brayton cycle engines scales favorably with increasing
power level [42, 51].
The various elements of this architecture are illustrated
in Figures 1 and 2. The rationale and basis for each of
these are explained in [45] referring to the progression of
the Space Power Grid architecture over the past 6 years.
The roadmap laid out in that paper shows that full replacement of terrestrial fossil power generation with SSP can
be achieved within 31 years from project start, taking into
account realistic consideration of the time needed to build
the massive infrastructure needed both for the satellites and
for the launch facilities and vehicles to deliver and maintain them in orbit. In Table 2 from [45] the mass budget for the Space-based infrastructure needed to deliver 1
GWe at Earth using this Space Power Grid architecture is
compared to those of other recent proposed architectures
for SunSats, namely the HALO architecture studied by the
Aerospace Corporation [52] and the recent SPS Alpha architecture [53], both based in GEO and using microwave
beams at 5.8GHz or lower frequencies. The infrastructure
size comes down by a huge factor. Not all of this maps
proportionately to mass and cost reduction, because 220
GHz technology may be relatively expensive, and the space
4

FIGURE 1. In Phase 1, a 2000 km constellation of 100 waveguide satellites of 4000kg each is built over 9 years, transacting 60MW power each, between terrestrial power plants and
customers. Waveguides inside aerostat tethers minimize atmospheric losses.

antennae in that regime may have a higher mass per unit
area. However, there is indeed a gain of an order of magnitude, and that brings the viability factor sufficiently above
1.0. In addition, our Intensified, efficient Conversion) Architecture (IηCA) uses a Brayton cycle to convert highintensity solar energy to mechanical work and then to millimeter wave beamed power. This promises specific power
over 1.6 kW per kg [54]. The technical parameters needed
to make IηCA a reality (high temperature materials) are
within reach, and therefore, so is full-scale Space Solar
Power. However, the large satellites cannot be launched
today. The technologies need development. So our plan
is to start on a roadmap that systematically removes the uncertainties and market risks while giving the technology the
needed time and urgency to develop.
Copyright c Narayanan Komerath

FIGURE 2. In Phase 2, a 2GW ultralight Mirasol sunlight collector and a 1GW, 220GHz Girasol Brayton cycle converter, in
orbits near 2000 km, form the standard component of a Space
Solar Power constellation, growing to over 4 TeraWatts of SSP
by Year 40. The Earth link system is expanded from Phase 1 with
minimal technical risk.
5

Primary Technical Advances and Uncertainties

1. Even with a specific power of 1kW per kg placed in
orbit, reaching 4TW within 50 years, with the first 10
years needed for development, means placing 4 billion
kg in orbit in 40 years. Given a heavy lift payload of
100 tons per launch, this works out to 1000 launches
and recoveries per year, or one every working day from
each of 4 sites around the world for 40 years. Only
a runway-based, airbreathing launch and recovery
architecture can offer enough operational productivity.
Recently, several student projects have considered this
problem and their efforts can be seen at [55–59]. With
this, we project that the cost can be reduced below
$1300 per kilogram to LEO, and perhaps much lower.
2. Present gyratron technology [60], shows over 50%
conversion efficiency, and specific power above 2.5 kW
per kg for just the millimeter wave converter, at power
levels on the order of 1MW. Recent discussions with
US aerospace companies indicate that conversion effi5

Mirasol

Halo

SPS-Alpha

Item

Concept

Concept

Concept

Optical

6000 optical

100 orbiting

∼5000

Elements

elements

reflectors

reflectors

Energy

Solar

PV

PV

Conversion

Thermal

Array

Array

Power

Mill Wave

Solid State

∼200,000

Generation

Generator

Amplifiers

Modules

Beam

220GHz

5.8 GHz

2.45 GHz

Frequency

(Mill Wave)

(Microwave)

(Microwave)

Power Level

1 GW

1.2GW

2 GW

System Mass

677MT

13,044MT

∼9,350MT

TABLE 2.
From [45].

Comparison with Halo and SPS-Alpha Concepts.

ciency exceeds 90 percent at the single chip level for
large-array solid state approaches.
3. Transiting the moist and weather-prone lower atmosphere with 220GHz beams, can be done using waveguides tethering aerostats at altitudes of 4000 m or
higher. Transmission between these altitudes and
Space is essentially loss-free (better than 90% even at
2800 m, per astronomical observatory data). Horizontal transmission between aerostats is an option, albeit
limited in distance by the Earth’s curvature. This offers
a quick option to bring an electric power grid to rural
areas that are at present off the terrestrial grid. The
waveguides [61, 62] exhibit very high power-carrying
capacity, on the order of 100 MW through a 63mm diameter corrugated ”slow mode” waveguide.
4. The interaction of high-power millimeter wave beams
with the atmosphere remains uncertain (at least in the
open literature). Options such as tunneling through the
lower atmosphere using the first few seconds of 60 MW
beaming, remain to be explored.
5. Little is known about the safety of 220 GHz radiation, nor about the level of spillage and scattering when
such beams transmit the atmosphere. The aerostatCopyright c Narayanan Komerath

based system ensures that well over 90% is captured
into waveguides and never interacts with free air below
4000 m altitude. However, the public must be reassured
about the failsafe systems.
6. The cost of millimeter wave converters is quite uncertain. Research on automobile radar provides a mass
market impetus that may solve several of the technical issues and production logistics, and again, the sheer
size of the demand from the Space Power Grid architecture should generate enough competition to bring
down prices.
5.1

Summary Recommendation: Millimeter Wave
Beaming ExperimentsTo Jump-Start SSP

From the above, we conclude that the first need is for
a public demonstration of low-level power beaming between Space and the surface, around the world, running
long enough to ensure confidence that all probable atmospheric events are encountered. This would be complemented by ground experiments, increasing in beam power
and studying the interaction of the beam with the atmosphere at high levels. Technologies such as the waveguidetethered aerostat antennae will be demonstrated. Power exchange experiments between nations across the world, led
by a multinational satellite fleet of 4 to 6 satellites, will set
the stage for the first 100 Waveguide satellites of a Space
Power Grid, along with the first 200 ground stations. Other
ground and space experiments would demonstrate intensifying solar power, building helium Brayton Cycle solar
converters, low-mass electrical generators, and millimeter
wave converters. These would lead to the first Gigawatt
level system towards full-scale SSP. Thus, the ISS experiment is the logical first step.

6

The Proposed 5-Nation ISS Millimeter-wave Beaming Experiment (IMBE)

This proposal is partly adapted from one presented at
the ISDC in 2011 by Potter et al [18]. They envisaged two
10-KW generators on the ISS. The first was at 5.8 GHz,
and the other at 94 GHz using a solid-state converter. Given
the small transmitting apertures, large receivers such as the
Goldstone Observatory antenna in Arizona and a Florida
site were chosen as examples. The 5.8 GHz beam was expected to yield less than 100 watts at either location. The
94 GHz beam was expected to yield 7kW at Goldstone, and
6

roughly 4kW at the humid Florida site.
6.1

Objectives

The objectives of the 5-nation ISS experiment are:
1. Demonstrate safe 220GHz beaming from the ISS.
2. Measure pointing error worldwide, year-round.
3. Measure beam spread at 220 GHz to locations worldwide.
4. Correlate beam attenuation with meteorological data.
5. Set up a template for international SSP collaboration.
The items at launch will be packed into two Express
Logistics Carrier ELC modules and another package that
consists of the flat transmitter array, waveguides and
structural elements. The electronics package in each ELC
consists of the 220 GHz signal generator, DC-220 GHz
power amplifier, power controller and safety system, and
the active thermal control system with radiator needed to
dissipate as much as 500 watts. A solid-state amplifier
is preferable to a gyrotron, but may be cost-prohibitive
in the initial system. In that case, a solid-state generator
system packed in an ELC may be shipped on a later
flight, to exchange with the gyrotron-based package. The
transmitter will be a solid state phase array. Waveguides
tuned to 220GHz will be used to convey the power from
the amplifier to the transmitter. Once at the ISS, the
transmitter array and waveguides will be deployed and
attached to the US Truss at nadir points P3 or S3, and
connected to the ELCs, using the ISS remote manipulator.
The ELCs will each be plugged into one of the external
power outlets, which are rated at 500 to 750 watts each
at 28VDC. Thus the power beaming experiment in this
case will start with 1 kW of DC power. With a gyrotron
converter, only about 100 watts may be beamed, with as
much as 63 watts arriving after conversion to DC or AC at
the ground. With a solid state generator, as much as 720
watts may arrive as DC or AC at the ground. Thus the
initial ELC with the gyrotron package may have an active
thermal control system to radiate out all of the 500 watts
each, while the later version carrying a solid state converter
will only be required to dissipate less than 100 watts each.
Figure 3 visualizes the beaming experiment. The
phase-array transmitter shaped as a square plate will be
able to sweep a beam 45 degrees forward and aft, and 10
degrees to the sides as shown in Figure 4, to link with
Copyright c Narayanan Komerath

ground stations under the ISS. At present we anticipate
that the ELC and transmitter array will be attached at
the nadir of the S-3 or P-3 truss locations. Attachment
of the waveguide and the transmitter will have to be
done by robotic manipulator operations. No need for
human extravehicular activity is anticipated. Onboard
monitoring is expected to be limited to essential safety
monitoring and resets after safety shutoff events. All other
command, control, data acquisition, telemetry and storage
are expected to be conducted from ground stations and ISS
mission control stations.

6.2

Ground Infrastructure

A typical ground receiver is conceptualized roughly
in Figure 5. At the initial stages the receivers will be
on the ground. As the experiment progresses the ground
stations will deploy waveguide-aerostat receivers for testing. It is noted here that for the ISS beaming experiment, the transmitter in Space is limited to a 2m x 2m
plate by ISS constraints (a larger antenna may win approval
but require more sophisticated packaging and deployment).
Thus, from Table 1, the ground antenna size is quite large,
and not suitable for beam capture using aerostats. The aerostat testing in this phase will be simply to validate predictions and refine the system. Proceeding to the 6-satellite
multinational power exchange experiment discussed later,
transmission and reception at the ground station could be
accomplished using transmitters distributed over a formation of aerostats, for the 5000-kilometer orbit altitudes. For
the Phase 1 Space Power Grid, with 50-meter antennae
on the waveguide satellites in 2000 km orbits, the ground
antennae can again be accommodated on a formation of
aerostats, or using large stratospheric platforms beaming to
and from smaller tethered tropospheric aerostats. The point
here is that the ISS beaming experiment provides the opportunity to refine all these technologies before deploying the
production system.

7

ISS Experiment Process

The IMBE is analogous to the MISSE-X or Materials
International Space Station Experiment [63]. The MISSEX holds a rectangular plate below the ISS from Truss station S-3, facing forward. Material samples attached to the
plate experience the radiation field for a specified time, af7

FIGURE 3. Schematic depiction of beaming from the ISS to
ground receivers.

FIGURE 4. The phase array transmitter will be able to sweep
the beam 45 degrees fore and aft, and 10 degrees side to side.

ter which they are removed and replaced with new samples. The launch, attachment and deployment phases are
quite similar to IMBE, and the mass is also similar. We will
use the development process of the MISSE-X, published on
the Internet, for guidance. Figure 4 shows the operational
concept of the IMBE. The experiment package can be accommodated as unpressurized cargo, and will fit as one of
3 cargo containers taken up in the Space-X Dragon launch
vehicle. Once at the ISS, the preferred attachment location
is at site 3 on the nadir side of the starboard or port truss
Copyright c Narayanan Komerath

7.2

ISS Facility Requirements

The requirements are:

FIGURE 5. Conceptual sketch of a ground receiving station
for the ISS beaming experiment. The failsafe link beam is indicated in the middle.

(S-3 or P-3). Rather than attach to a pallet, the experiment
will be deployed with the power and control package inside an ELC attached to the truss. The transmitter antenna
will be attached at the end of a 2 or 3 meter waveguide
support. The experiment components are illustrated in Figure 6. Typical mounting of EXPRESS Logistics Carriers
outside the ISS are shown in Figure 7.
7.1

1. The equipment shall be delivered using a spacecraft
with capabilities at the level of a SpaceX Dragon vehicle.
2. The equipment shall be retrieved from the delivery vehicle, unpacked and attached to the ISS using manipulators.
3. The ISS shall provide 1000 W of DC power input
and at least 100W continuous wave (cw) output at 220
GHz.
4. The beam shall achieve a pointing accuracy of less than
10 meters mean circular error, within 10 orbits around
Earth, while performing adaptive corrections.
5. A low-power laser link beam shall be activated along
the same path as the main power beam, before the
power beam is activated. In case of link error, the
beaming shall be stopped within 1 millisecond and not
re-activated until the link error is satisfactorily investigated and corrected.
6. The beam shall point upto 45 degrees forward, and
sweep steadily to 45 degrees aft, or 10 degrees to port
or starboard.
7. There shall be unobstructed visibility from the transmitting phase-array antenna, within the regions specified above.
8. Continuous data exchange shall be operating immediately prior to, during and immediately following power
transmission, between the ISS-based system and the
ground receiver facility, at a rate sufficient to meet
other stated requirements.

TRL and Hardware Development

Many of the experiment components can be implemented with mature Commercial Off The Shelf (COTS)
components. The millimeter wave converter system will
be specially developed for the ISS experiment, to minimize
mass. The waveguide will be adapted from standard components used in the nuclear industry [62]. The phase array
transmitter will be specially built for the ISS experiment.
The areas of high risk are the millimeter wave converter,
the transmitter antenna, and its beam pointing and sweeping capabilities.

8

7.3

Power Budget

The initial plan is for 1 kW DC, accessed through two
500-watt ELC attachments. A conservative conversion efficiency of 10% would result in a 50-watt beam being transmitted through waveguide to the transmitting antenna. This
is sufficient, when received at an antenna sized for 94%
capture area, as can be done with 220 GHz. Actual efficiency figures are around 10 % with gyratron technology,
and upto 90% with solid state technology. The former is
essentially available off the shelf but must be ruggedized
for space launch and installation. The latter must be scaled
up in production from microchips to deliver the needed
wattage. As the project wins greater support from NASA
Copyright c Narayanan Komerath

FIGURE 8.

Tracks of different orbits of the ISS

6. Correlation with ISS weather and cloud imaging
FIGURE 6.

Experiment components schematic
7.5

FIGURE 7. Typical mounting of ELCs at the ISS. From the
NASA ISS Reference Manual, courtesy NASA

and other space agencies, we expect that Request for Information announcements will bring in proposals for larger
systems with high efficiency. Given this, the first launch
will probably be of a system with 1kW DC input, and over
500, perhaps 900 Watts of beamed power output at 220
GHz. The thermal control system is part of the standard
ELC, and will be sized for 500W on each ELC on the initial packages.

Funded projects in the participating nations will be
used to develop, build and test the millimeter wave conversion system, the data acquisition and analysis system, and the millimeter wave beaming equipment. Installation, deployment, and continigencies demanding removal/replacement, and eventual end-of-mission detachment and return, require ISS manipulator arm operations.
A central control station must be manned continuously
to monitor the experiment operation, safety and data collection, along with coordinating handoffs between ground
facilities as needed. Each participating nation must provide their own ground facilities to receive and analyze the
beamed power from the ISS.
7.6

Preliminary Hazard Analysis

System health monitoring
Command and reprogramming
Communications with ground stations
Beam pointing, link establishment and disconnection
Test beam return processing

The primary hazard identified to-date is that of excessive heat retention in the ELC due to failure of the thermal
control system. One solution is to have redundant temperature sensors which will cut off electric power to the ELC
if the temperature exceeds safe limits. The beam power is
low enough to not pose any hazard to humans or animals if
accidentally irradiated. The lock-in failsafe beam link is expected to eliminate any accidental exposure for over 1 mil-

9
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Measurements and Data Processing

Data needs are listed below:
1.
2.
3.
4.
5.

Ground Station Selection

Ground tracks of the ISS are shown in Figure 8. Access
time within a 45-degree cone varies with latitude as shown
in Figure 9. The ground stations in Table 3 were chosen for
example calculations in this paper.
7.7

7.4

Support Needs

Nation

Area

USA

No./Yr

Mean, sec.

Mojave desert

381

82

Santa Cruz

1017

98

Sevilla

406

83

South Africa

Kalahari Desert

316

86

Saudi Arabia

Arabian Desert

277

84

Kazakhstan

Qaraghandy

852

81

India

Ambani Solar Park

310

84

China

Golmud, Qinhai

390

83

Northern Territory

283

86

Argentina
Spain

Australia

TABLE 3. Example locations, with number of power links per
year and mean link duration

8

The second experiment that we are proposing will
launch 4 to 6 satellites into orbits at 5000 km. These satellites will act as waveguide relays, directing beams from one
ground station to another, perhaps as far as the other side of
the planet. In prior work [21] we showed that with 6 satellites we could do a 2-nation power transfer, while with just
4 would suffice with 4 we nations participating. This experiment will take power levels into the tens of Megawatts,
and set the stage for the transition to Phase 1 of the Space
Power Grid architecture.

9

1.
2.
3.
4.
5.
6.
7.
8.

10
Variation of power beaming link time per year

lisecond. A second hazard being considered is that of aircraft or balloonists flying into the beam path. Airspace controls will have to be instituted over beaming locations until
this issue is properly studied and understood; however, the
low beam power is expected to cause no damage, injury or
interference with control and communications. The beam
trip will shut off in 1 millisecond.
10

Discussion on the steps needed to proceed towards the two experiments

What is the roadmap to proceed towards these two experiments?

9.
10.
11.
12.

FIGURE 9.
with latitude

The multinational power exchange experiment

Multinational team develops white paper
Presentation to space agencies.
Team develops planning document, space agency RFI.
System engineering plan detailed
Design reviews lead to construction and ground testing
Development of ground facilities
Launch and deployment
6-month result review leads to next phase of experiment
Design reviews of Multinational experiment
Ground facility and satellite development
Power exchange experiment begins
2-year reviewleads to Space Power Grid Phase 1 RFQ

State and prospects of millimeter wave technology

Millimeter wave technology poses the primary technical motivation for the ISS experiment. Reference [41]
surveyed the available options and opportunities, and the
following discussion is condensed from there. In the spectral range from 100 GHz to 1 THz, legacy methods from
both the microwave and laser optics communities come into
play, with interesting possibilities for integration. Millimeter waves are used in detecting weapons and contraband
using various properties of the human skin, tissue, thermal
characteristics of materials, emission spectra, and scattering characteristics of textiles [64]. Crowe [65] describes
solid-state circuits that use nonlinear diodes to extend miCopyright c Narayanan Komerath

crowave technology through the millimeter wave regime
into the THz regime. Booske [66] pointed out that solidstate devices generate low putput (100 mW) and offer no
nonlinear scaling, thus requiring very large arrays to generate high power. Vacuum devices (gyratrons) today generate large amounts of power (1 MW) in the 200 to 460
GHz range [67–71], however, their efficiency is only on
the order of 50 percent at best, and their specific output
power (output power per unit mass of the equipment) is
low [72–75]. The best-known number that we can quote
is a 2MW aircraft-mounted millimeter wave system using
a gyratron with a mass of 800 kg reported to have been
conducted by the US company CPI, giving specific power
of 2.5 kW/kg for the millimeter wave converter alone.
Electro-optical techniques are beginning to come into play
[76–78]. Direct conversion of sunlight to millimeter waves
is a game-changing prospect, using wide bandgap materials (e.g., crystalline silicon carbide of bandgap 3.2 eV), and
the connectivity of several p-n junctions in series using high
electrically conductive material (e.g., graphene). Salama et
al [79] fabricated a laser-metalized antenna-coupled Schottky diode for 94 GHz conversion. Ilchenko et al. [80] describe millimeter wave generation by resonance of a microspherical cavity. Whispering-gallery modes of a toroidal
lithium niobate cavity electro-optic modulator superposed
with a stripline resonator, showed resonance Quality (Q)
factors projected to exceed 10 billion.
Optical approaches to millimeter wave generation, especially using phase-locked loops, appear to be an active
area of research [81–84] awaiting mass-production markets. Tracking antenna technology has enabled a large
number of self-aligning phase array receivers to simultaneously track and communicate with beaming transmitters [85]. Verhoeven et al [86] reported cw generation of
over 750 kW, continuously tunable over the range from 130
GHz to 260 GHz, using an electron-beam MASER with
over 50% overall efficiency.
Oodo [87] describes a digital beam-forming antenna
for stratospheric airships in the 25 to 30 GHz range.
Goswami [88] postulate 80-90% efficient direct conversion
of solar energy using nanoscale antennae. Wang et al. [89]
postulate that carbon nanotubes interact with light in the
same manner as simple dipole radio antennae. CMOS
process technologies enable low-cost, highly integrated 60
GHz and 77 GHz transceivers suitable for high-volume
production [40, 90, 91]. Brookner [92] describes low-cost
11

mass-produced 77 GHz phased arrays for automobiles.
At the power receiving station, the millimeter wave energy must be converted to electrical energy in either direct
current or alternating current mode to suit end-user devices.
Rectenna arrays have been described to convert beamed
power to DC or AC for the end-user [93–97]. The Landsberg efficiency limit of 93.3% is reachable using a rectenna
assembly concisting of nonreciprocal absorbers such as optical circulators [98–101].
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Science Issues

What results might be anticipated from the ISS experiment? The first is an end to the uncertainty about millimeter wave transmission between Space and the ground, with
the accumulation of a worldwide database. Interest in reception by aerostats and stratospheric platforms will drive
research on the atmospheric attenuation as a function of altitude. Auxilliary issues will trigger substantial research,
such as on the effects of millimeter waves on various materials [102]. Studies triggered by the use of microwave
communications, for instance, [103–105] demonstrated the
effects of refractive index, rain, humidity, and sea-breeze
on the fadeout of microwave signals in the tropics. Even
with at 7 GHz fog in river valley areas in a tropical climate
causes signal outages [106, 107]. This should give pause to
the belief that using microwave frequencies below 10 GHz
guarantees high-efficiency, all-weather transmission.
11.1

Beam attenuation

Atmospheric transmission will encounter many issues
and imperfections. Some have argued that the mirror flatness needed for perfect relays is too fine, and if that were
achievable, astronomy would be much further advanced.
This is spurious. It is a given that some form of correction will be needed. This is achievable by reflecting a
low-power laser beam (the trigger beam) along the center
of the main beam path, and analyzing the return to determine the transfer function. This transfer function is used to
correct the transmitter. With a large phase array transmitter, adjusting the phase of individual elements to achieve
a given beam profile and directionality is feasible, though
it requires non-trivial, high speed signal processing. These
considerations again drive the optimum solution towards
large arrays of solid-state MMICs that offer the potential
to integrate receiver, converter, transmitter, beam steering,
Copyright c Narayanan Komerath

frequency selection, and antenna phase correction possibilities.
Four types of attenuation are usually considered. The
first is free-space spreading from an isotropic antenna,
which is proportional to the square of distance. This is minimized down to the diffraction limit by focusing as tightly
as possible. The second is spillover loss. Millimeter wave
beaming allows design to capture up to 94 percent, as opposed to the 84 percent (primary lobe only) commonly used
in SSP architectures using low-end microwaves. Absorption or scattering by gaseous nitrogen, oxygen, and water
vapor, increase as altitude decreases. Placing the receivers
on aerostats at 4000 meters brings a 27-deg. C drop in temperature and a large drop in pressure. The fourth is scattering by dust, ice, fog or rain particles. Data from [108, 109]
show that above 4km, attenuation is essentially as low as
in Space, with excellent windows at 94GHz, 140 GHz, 170
GHz and 220 GHz.
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Conclusions

1. Space Solar Power is within reach.
2. The primary uncertainties are in the generation and
beaming of millimeter wave power.
3. Two experiments are proposed, to reduce the risks and
obtain necessary data and confidence with millimeter
wave beaming.
4. The first is an experiment where a transmitting antenna
placed under the International Space Station transmits
power to ground stations located in several nations, collecting data on pointing accuracy, atmospheric conditions and their effects on the power beaming.
5. The second experiment will use 4 to 6 waveguide
satellites stationed in 5000km-high orbits, to exchange
beamed power between stations on the ground.
6. The technical status of millimeter wave beaming is ripe
enough to warrant launching these experiment projects.
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