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Abstract

Space-based solar power (SBSP) promises to provide flexible renewable baseload power. However, no full-system prototype
exists due to a perceived lack of economic viability. The goal of this thesis is therefore to determine how different technology
approaches can improve key technical metrics of SBSP and consequently the economics. For this purpose, we divide the
system into its three main segments and define critical metrics for the performance of each subsystem. Based on these, novel
technology approaches from the literature are then evaluated. For the solar satellite, we are able to show that a number
of technology options exist that might improve power levels, radiation resistance, and mass-related ratios. These advances
would greatly benefit overall system economics, as the space segment constitutes a big lever for enhancing the levelised cost of
electricity (LCOE). Furthermore, microwave power beaming efficiencies in line with required levels have been demonstrated
but so far lack the scale and distance necessary for SBSP. Ultimately, the global capacity in space lift capabilities appears to
be a major bottleneck. Consequently, a reduction in mass of the satellite would not only be a matter of economics but might
render any such project even possible in the first place.

Keywords: Energy; Solar; Space; Microwaves; Sustainability.

1. Introduction missing. Consequently, our research question is how differ-
ent technology approaches can improve technical metrics of
SBSP subsystems and in turn help overall system economics.

To achieve this, we start by briefly describing the context
of the global energy transition and which role SBSP could
play. Here we illustrate the basic idea behind SBSP plus
some of the key benefits the technology has to offer. How-
ever, a comparison with other renewable generation capaci-
ties is outside the scope of this thesis. Next, we describe the
concept of SBSP in more detail, including some of the most
relevant modern designs under development. We then estab-
lish a general model of a SBSP system and divide it into three
subsystems for further differentiation.

The division into space segment, wireless power trans-
mission (WPT) and ground structure, as well as space launch
and infrastructure then serves as the structure for our techno-
economic analysis. For each of these segments, we start by
identifying the metrics most critical to the technical and eco-
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The goal of this thesis is the techno-economic analysis
of a general space-based solar power (SBSP) system and its
subsystems. We do not focus on one of the many proposed
designs in particular, but rather use a selection of the most
advanced ones as a point of reference to potentially identify
universal levers for progress. So far, the literature has mostly
focussed on determining the general theoretical feasibility
of SBSP and that of specific concepts in their entirety, such
as the CASSIOPeiA project. As a result, we observed a lack
in granularity that would enable the evaluation of segment-
specific technology approaches. The reason for this might be
the prevailing perception of SBSP as a niche and moonshot
energy solution. Therefore, a targeted analysis that aims to
compare technological solutions to problems specific to SBSP
based on the critical metrics of each subsegment is so far
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poses a potential solution to one or multiple problems en-
countered during SBSP development. The selection of anal-
ysed alternatives should not be considered as exhaustive, but
rather focusses on innovations that appear to be the most
promising and impactful for SBSP When discussing WPT, we
will also emphasise some of the historical developments and
demonstrations that have led to where the technology stands
today. For the third and last segment, we will focus on the
launch infrastructure in particular and only briefly discuss
some production-related aspects. The three segments are
concluded by a respective overview of the established alter-
natives or developments and an outlook on which technology
combinations appear to be the most promising.

To establish equality for the comparisons of metrics
drawn from the literature, some had to be recalculated or
adjusted based on the disclosed data. To ensure metrics are
adjusted following shared rules, we establish a common set
of formulas as well as adjustment factors which are applied
equally. Overall, the resulting metrics for different subsys-
tem configurations should be seen as a heuristic approach
to achieve the aforementioned comparability of different
technology options. Therefore, they should be interpreted
as an indicator for the order of magnitude of the impact of
these technology options. All calculations are performed in
a separate model, which is available upon request.

Throughout this thesis, we will also sometimes refer to
some of the analyses from the literature on levelised cost of
electricty (LCOE). Given how incomparable many of the ab-
solute numbers are due to being based on sometimes vastly
differing assumptions, we mostly use any breakdowns re-
garding cost contributions by the subsystems as a relative
point of reference. This allows us to more accurately es-
timate how big the economic impact of the previously dis-
cussed technological levers could be, relative to each other.
Consequently, this thesis does not conduct in-depth cost mod-
elling or calculations of its own. Policy, geopolitical, and so-
cial considerations, which could impact LCOE, are also out-
side the scope of this thesis. It is furthermore not the purpose
of this thesis to compare LCOE numbers between different re-
newable technologies and SBSP

We will also introduce sustainability-related metrics such
as emissions per kWh and energy payback times in the last
chapter. However, a full environmental analysis of SBSP is
outside the scope of this thesis. Instead, our goal is to gain
a first understanding of the direction in which current ap-
proaches are trending in terms of environmental impacts and
energy use. These insights can then serve as the basis for fur-
ther research.

Finally, we sum up our findings, including projected LCOE
numbers on a system level, and their consequences for the
development of commercial SBSP systems going forward.

1.1. Space-based solar power for the global energy transition

The most recent IPCC report has once again made clear
that quick and far-reaching action is needed if we are to have
a chance at limiting global warming to 1.5 degrees (IPCC,

2022). To achieve global net zero by 2050, widespread elec-
trification is a crucial step as it allows us to decarbonise many
industries at once by turning our electricity generation green.

So far, a selection of renewable energy sources has been
accessed through large amounts of investment. Solar energy
has even become the cheapest energy source in history (IEA,
2020). Nonetheless, more financing is needed to overcome
some of the remaining issues of our primary green energy
sources, terrestrial solar and wind. Both of them suffer from
intermittency, be it due to weather or day-night cycles. Fur-
thermore, their generation is inflexible and difficult to predict
far in advance. These are some of the reasons why they are
generally labelled as non-dispatchable.

Space-based solar power (SBSP) promises to overcome
this issue by becoming the first dispatchable renewable
baseload power. The general idea is to place a satellite with
extensive solar power capacity in orbit around earth. The
sometimes with the help of additional mirrors and reflec-
tors collected solar radiation is then turned into DC power
before being converted to either a laser or radio frequency
(RF) beam. This beam is then targeted at a receiving station
on the ground, where the wirelessly transmitted power is
reconverted first to DC then AC before being fed into the
grid. A simplified representation of this process including
efficiencies is provided in figure 1.

SBSP has a number of benefits, which are described at
length in various publications (e.g. Jaffe, 2020). First, if
a geostationary orbit (GEO) is chosen and the right array
structure employed, the satellite would enjoy virtually con-
stant illumination, except for during the spring and autumn
equinox with a 70 min blackout each (Way & Lamyman,
2020). Hence, intermittency would no longer be an issue
and the electricity generated by SBSP would be highly pre-
dictable far in advance. Second, the solar irradiation col-
lected by the satellite would be unattenuated by weather or
the atmosphere, giving a greater yield per unit surface area.
Third, the beam would have to be steerable to enable pre-
cise pointing, which in turn allows flexibility in regards to
where the energy is directed to. Multiple ground stations
could be employed across different countries and even conti-
nents, which would then be fed by the same satellite or con-
stellation of satellites in an alternating or semi-continuous
fashion. Therefore, SBSP can also be used as a diplomatic or
development tool. With mobile receiver stations, the beam
could even be utilized to provide electricity to disaster-struck
areas. Lastly, the technology promises to be sustainable over
its lifetime, although more detailed studies will be necessary
to confirm the precise extent. Overall, SBSP thus has the
potential of providing semi-globally dispatchable renewable
baseload power.

On the other hand, there are also some concerns asso-
ciated with SBSP. Space is a domain that is difficult to con-
trol and therefore placing an asset critical to a nation’s en-
ergy autonomy so far away from it comes with security con-
cerns. Recent acts by Russia have added to this worry by
showing that targeted destruction of satellites is well within
the means of space-faring nations (The Economist, 2021b).
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Figure 1: A general SBSP system generates solar power in space via a satellite which is then transformed and transmitted
wirelessly, here in the form of microwaves, to a receiving station on the ground. The space segment would be manufactured
on earth to be launched to and assembled in GTO. Overall, system efficiencies of 18% are expected, based on subsystem
demonstrations. Own representation with efficiencies based on Jaffe (2020).

Furthermore, while reaching our climate targets requires fast
and decisive action, SBSP is still not close to having any full-
system prototype in orbit, thus putting in question whether it
can be deployed fast enough to contribute meaningfully. Po-
tentially, the considerable amount of funds required should
then better be spent elsewhere. While the overall economics
of solar power from space do appear to be competitive based
on modelling (e.g. Madonna, 2018), those too would have
be to confirmed in practice. Additionally, as we continue to
launch ever more satellites, critical orbits such as GEO are
starting to become congested (Euroconsult, 2021). Lastly,
public acceptance and safety concerns around what are es-
sentially kilometre-wide invisible energy beams will have to
be addressed very early in the process.

The idea of SBSP was first described in Isaac Asimov’s
short story 'Reason’ in 1941 and later introduced to academia
by Peter Glaser (Glaser, 1968), who also filed the first SBSP
patent (Glaser, 1973). What followed were a number of stud-
ies (e.g. Koomanoff, 1981) and critiques (e.g. Corson et al.,
1981) of the concept. Particularly NASA and other U.S. gov-
ernment agencies investigated the idea in more depth, devel-
oping the two suntower concepts at 2.45 GHz (NASA, 1978)
and 5.8 GHz (Davis, 2012), which are still sometimes used as
reference systems. The private sector is also involved with a
number of patents and plans for commercialization (Solaren,
2022).

1.2. Modern SBSP concepts

Today, there are a number of nations and organisations
active in SBSP research and development. While for some
actors, such as China, the primary goal is to develop a fully
functioning concept, others focus more on advancing key
technologies like WPT. For instance, Japan and the Califor-
nia Institute of Technology rather fall in the second category.
SBSP satellites remain an ambitious idea, given that the most

advanced modern space segment designs are measured in
kilometres and weigh thousands of tons. In comparison, as
the largest man-made structure in space and the result of a
collaboration involving space agencies from 15 countries, the
ISS is barely 100 m long and weighs just over 400 t (Garcia,
2021).

Today, a variety of concepts exist that have entered ad-
vanced planning stages. The ones we have chosen as refer-
ence systems during our comparative analyses were selected
based on how established they are in the literature and the
quantity as well as quality of data available to perform the
necessary calculations. Furthermore, we have selected space
segment architectures that are different from each other to
capture the impact of design variations on the critical met-
rics. Lastly, all of the chosen concepts have some form of
government backing, which will likely be essential given the
scale and ambition of SBSP. Therefore, we want to highlight
the following projects, whose respective unique space seg-
ment architecture is also displayed in figure 2.

SPS-ALPHA:

The Solar Power Satellite with Arbitrarily Large PHased Array
(SPS-ALPHA) is a concept that has been developed by John
Mankins since the 1990s in collaboration with NASA (Mank-
ins, 1997). The about 4-km tall structure is comprised of an
energy conversion array, which is connected to a single large
reflector array via boom structures (Mankins, 2021). Once
placed in GEO, it would maintain an orientation where the
antenna side of the conversion array is continuously pointed
at the receiving station on earth, transmitting the energy in
form of microwaves at 2.45 GHz. During local night, the re-
flector array will redirect and concentrate the sunlight onto
the photovoltaic (PV) surface to ensure continuous opera-
tion. At 7,600 t in-space mass, it is one of the heavier con-
cepts. It is designed to deliver 2 GW of DC power to the grid
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around the clock.

CASSIOPeiA:

The Constant Aperture, Solid-State, Integrated, Orbital
Phased Array (CASSIOPeiA) concept has been developed
by Ian Cash from International Electric. Its key feature is
a 1.7-km long helical energy generation and transmission
array with two conical solid-state symmetrical concentrators
on either end (Cash, 2019). These primary reflectors collect,
concentrate, and collimate the sunlight onto the patented
helix array, which includes further concentration on the PV
chips. L-shaped sandwich modules are employed to form
the array with a 360-degree beam steering capability along
the orbital plane. The satellite has no moving parts, weighs
2,000 t, and would deliver 2 GW of DC power to the grid
from GEO via a 2.45 GHz microwave beam. CASSIOPeiA has
also been investigated by the UK government as a way to
de-risk their transition towards green electricity generation
and looks likely to be pursued further after positive results
from recent studies (Way & Lamyman, 2021b).

MR-SPS:

The Multi-Rotary joints Solar Power Satellite (MR-SPS) was
first proposed in 2014 by China and recently updated in 2021
(Hou & Li, 2021). Out of our selected concepts, it is the only
one that employs separated generation and transmission sur-
faces without any solar concentration. Therefore, it is com-
prised of freely rotating solar arrays to adjust to the sun’s po-
sition. These are then connected via trusses with 100 rotary
joints and cabling to a transmission antenna, which emits mi-
crowaves at 5.8 GHz from GEO. It is by far the heaviest con-
cept at 10,000 t of in-space mass and generates 1 GW of DC
power that can be fed into the grid.

Other notable concepts include older architectures by
NASA and a number of designs by Japan. However, Japanese
agencies have mostly transitioned to researching key tech-
nologies such as WPT and not published any updated con-
cepts with parameters recently. The California Institute of
Technology is moving in the opposite direction. Having ini-
tially succeeded in advancing high-performance ultralight
sandwich modules for planar arrays, they are now starting
to develop their own full-system concept Madonna (2021).

1.3. A general SBSP system model

To analyse different SBSP architectures from a techno-
logical and ultimately also an economic perspective, a com-
mon system model is required along which we can structure
our approach. These defined subsystems also need to reflect
the biggest levers for technological and ultimately cost im-
provements. Therefore, LCOE calculations from the litera-
ture based on subsegments (e.g. Marshall, Madonna, & Pelle-
grino, 2021) informed our decision on where to draw system
boundaries.

Consequently, we will divide SBSP into a space segment,
WPT and necessary ground structures, and manufacturing as
well as infrastructure. These segments are also indicated in

figure 1. The space segment contains all structures that are
permanently placed in orbit, such as PV arrays, reflectors,
propulsion systems, and antennas. The WPT subsystem also
concerns the antenna, the transmission process, and the re-
ception as well as reconversion of the beam. Lastly, we look at
anything related to the construction, assembly, maintenance,
and launch of the satellite.

Gauging their respective importance for and impact on
LCOE, launch costs are repeatedly identified in the literature
as one of the largest drivers in variance for system cost (e.g.
Way & Lamyman, 2021b). Consequently, developments in
the launch market will therefore receive particular focus in
section 4. Additionally, total launch costs are also influenced
by the maintenance requirements and satellite mass. Hence,
we will focus some of our metrics for the space segment on
mass- and lifespan-related performance. Furthermore, the
mass of the space segment can also act as a proxy for man-
ufacturing costs and therefore has a dual impact on overall
costs. With these circumstances in mind, we can begin our
analysis with the space segment.

2. Space segment

First, we focus on the satellite or space segment of SBSP
systems. While the antenna transmission array is part of our
definition of the satellite, it overlaps with the wireless power
transfer subsystem and is discussed in more detail in section
3. Hence, the consideration of components pertaining to the
transfer of wireless power, such as the transfer antenna aper-
tures, will only extend to their interaction with the overall
satellite structure and design. This includes to some extent
DC-to-RF conversion efficiencies to calculate metrics based
on the satellite’s RF power output as well as the implications
of building an array of sandwich panels, which are discussed
in section 2.5. DC-to-RF efficiencies are then addressed more
directly in the subsequent chapter. Due to the lack of laser
based SBSP transmission systems in the literature, a dynamic
further investigated during the chapter on power beaming,
our analysis for the space segment will exclusively focus on
microwaves as a transmission modality. Overall, particular
focus is placed on the PV cells and concentrators, module de-
sign, satellite structure, and the overall array management.
We will also briefly discuss the impact of different choices of
orbit.

2.1. Metrics for space segment evaluation

When comparing metrics for the space segment, it is im-
portant to be clear on which measurements are being used.
For example, some PV prototypes on which metrics are re-
ported do not yet include the transmit antenna array, hence
reducing overall mass. It is also necessary to distinguish be-
tween installed solar power, RF power, and power delivered
to the grid. Keeping this in mind, the following five metrics
have been identified from the literature (e.g. Jaffe, 2020) as
key determinants of space segment performance:
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Figure 2: The satellite architectures of the three chosen concepts display significant differences in their approach on solar
collection, conversion, and RF transmission. Own representation based on a) Mankins (2017), b) Cash (2019), and c¢) Hou

and Li (2021).

Collect /transmit area-specific mass [g/m?J:

This metric, also known as areal density, puts the surface
areas of collection plus transmit apertures in relation with
the overall weight of the space vehicle. Only collect and
transmit areas are considered, as otherwise external reflec-
tor and concentrator structures with large surface areas but
little weight could greatly distort this number. Generally, a
decrease in area-specific weight is connected to a decrease in
launch costs, manufacturing costs, and to a lesser extent an
increase in transmit efficiency (Marshall et al., 2021). The
mass is mostly driven by structural components such as any
necessary trusses and booms, the solar and antenna modules,
and the electronics. If the surface area is complex to deter-
mine, it is sometimes reported in square meters intercepted
sunlight.

Mass-specific power [W/g]:

Mass-specific power measures the amount of mass that needs
to be placed in orbit to achieve a given power level. Just as
with the area-specific mass, weight is a key determinant of
the economics of SBSP and here it is set in relation to the
benefits gained in the form of power. For this metric, it is
particularly important to distinguish between installed solar
capacity and transmission capacity after additional conver-
sion losses. We will refer to them as PV power and RF power,
respectively. It is also essential to match PV power with PV
weight and RF power with PV plus RF system weight to com-
pare like with like and include all components necessary to
achieve a certain power level. The power fed into the grid
on the ground is unsuited for calculating specific power met-
rics used to compare space segments, as it is influenced by
the parameters of the rectenna on earth. To allow for com-
parability, we will reference PV or RF power capacity of the
space vehicle, depending on whether the focus is on the en-
tire structure or just the solar part. Furthermore, many in-
novative prototypes for SBSP PV technologies have not fully
integrated power beaming devices during their demonstra-
tions. As a result, such experiments will provide an upper
bound for mass-specific power levels given a certain technol-
ogy and are hence still of relevance to our discussion. There

might also be a trade-off between mass- and area-specific
power, depending on whether launch capabilities are more
constrained by weight or volume. However, the technolo-
gies discussed below suggest that weight might presently be
a more determining factor, and hence we have chosen to put
a larger focus on mass-specific power for the space segment.
Together with the duty cycle, mass-specific energy can then
be calculated.

Duty cycle [% ]:

The duty cycle is measured as the share of one orbital rota-
tion during which the SBSP can actively generate and trans-
mit energy. Not only does this ratio depend on the structure
and design of the satellite but also on the orbit to which the
space segment is deployed. GEO is the orbit most commonly
associated with SBSP concepts as it offers a theoretical duty
cycle of 100%, depending on the satellite structure.

Conversion efficiency [% J:

Conversion efficiency for the space segment can either be
measured from solar radiation to DC or DC-to-RE For the so-
lar components, cell efficiency also does not equal panel effi-
ciency due to the wiring and other peripheral components.
Efficiency is not only relevant to maximise the amount of
power delivered to earth, but also in regards to heat man-
agement and consequently lifetime of the system. Generally
speaking, the higher the efficiency, the less waste heat that
needs dissipating will be produced.

Operating liftetime [a ]:

The operating lifetime of the space asset is the amount of
time the satellite can operate above a certain performance
threshold. Of particular interest is the operating lifetime of
key components, such as the solar cells. Here it is also seen
as a proxy for the ability of the subsystems to deal with the
harsh thermal and varying radiative environments present at
all feasible orbits. Space maintenance capabilities also play
a significant role in preserving the lifetime of the overall sys-
tem. Nonetheless, the longer a component can function with-
out the need for a replacement part, the fewer elements need
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to be launched into space. Hence, the operating lifetime of
components impacts the total mass that needs to be sent into
orbit over the lifetime of the system.

To ensure that comparisons of metrics drawn from the
literature are appropriate, some had to be recalculated or
adjusted based on the disclosed data. For instance, a paper
might report a mass-specific power metric for which only PV
power but total sandwich module mass (including the an-
tenna) was used. This number would not be suited for com-
parisons with metrics using only PV power and PV system
mass or RF power and PV system plus antenna mass. Con-
sequently, we had to recalculate some metrics based on the
numbers reported with the demonstration results or adjust
them based on data from other academic publications. To en-
sure metrics are adjusted following shared rules, we establish
a common antenna weight premium that is added to purely
PV-related technology options. This premium then allows us
to determine an estimated mass for when these solar compo-
nents are integrated into a sandwich module. The same con-
cept applies for a structure premium, which accounts for sup-
porting structures as well as deployment mechanisms and is
added when individual sandwich modules are combined into
a lightweight planar array. When applying these premia, it is
assumed that the functional surface area stays constant. We
also introduce common formulas to calculate mass-specific
power and aerial density variants. These common formulas
form the basis for any potential adjustments to ensure metrics
include and exclude the same parameters when compared.
The applicable formulas are introduced at the beginning of
each subsection. A summary of all calculations is presented
in section 2.7.

2.2. Photovoltaics

Solar power has a long history of being the energy source
for projects in space, starting with the first solar-powered
satellites Vanguard 1 and Sputnik 3 in 1958 (Andreev, 2018).
Activity in space poses a number of demanding requirements
to photovoltaic systems. They need to be lightweight, effi-
cient and reliably operate for long periods of time in harsh
conditions (Espinet-Gonzalez et al., 2019). The space en-
vironment is characterized by high and low energy particle
radiation, large thermal cycles, high UV light exposure, and
the possibility of collisions with space debris of any sort.

Having initially started with single-junction cells with
only one junction to induce a flow of electrons, the most
efficient cells today also used in space have multiple layers.
These III-V multijunction cells are made from metal organic
compounds of Group III and Group V elements, from which
their name is derived. By correctly matching the subcell
layers, thermal and transmission losses can be minimized
(Philipps, Dimroth, & Bett, 2018) and as a result, power
conversion efficiencies of the cells have increased to more
than 50% over the last couple of years (Kalyuzhnyy et al.,
2020). One of the techniques enabling the improved per-
formance is photon recycling, where reflectors are placed to
allow a second pass-through of unabsorbed photons through
the photoactive region (Andreev, 2018). Specifically for

multijunction cells, Bragg reflectors made of multiple semi-
conductor layers increase the absorption length of sunlight.
Additionally, they also increase the radiation resistance. Con-
sequently, great efficiencies, high reliability, a relatively high
mass-specific power, and excellent radiation hardness have
led to HI-V multijunction cells commonly being used for
satellites and space vehicles (Philipps et al., 2018).

In space, such cells are often used in conjunction with
concentrators. By focusing light that would normally have
impinged on a wider area on a smaller part of the cell, they
are critical in keeping efficiencies high, reducing the amount
of required cell material, and provide indirect radiation pro-
tection to the peripheral components (Andreev, 2018). Cru-
cially for SBSE they can also increase mass-specific power
if lightweight materials are utilized and are necessary to
achieve specific powers above 1 W/g (Warmann et al., 2020).

However, despite these benefits, problems remain. So far,
space solar power was mostly designed around keeping an
aperture running as efficiently and reliably as possible. With
SBSB this goal shifts towards the cost-efficient production of
renewable energy for earth. Hence, factors determining the
economics rise in importance. Weight is one of them, espe-
cially given that solar panels are typically the heaviest com-
ponent of a satellite (Abdelal, Gad, & Abuelfoutouh, 2013).
The weight of the cells themselves has already been cut with
the introduction of thin-film variants, using thinned substrate
(Law et al., 2006) and epitaxial lift-off technologies (Kayes,
Zhang, Twist, Ding, & Higashi, 2014). Nonetheless, mass-
specific power seems limited below 0.5 W/g (Gibb, 2018).
Radiation shielding in the form of a cover glass placed on top
of the cell is responsible for a significant part of the remain-
ing weight (Espinet-Gonzalez et al., 2019). Hence, the cover
glass necessary for today’s most efficient GaAs multijunction
cells is constraining mass-specific power and increasing area-
specific mass. Nonetheless, ensuring an adequate useful lifes-
pan by preventing degradation by radiation is also vital. This
is especially the case for SBSP concepts in MEO, where the ra-
diation environment is harsher than in GEO (Larson & Wertz,
1992). Different orbits and their implications are further dis-
cussed in section 2.6.

A second problem with current high-performance space
cells is the reliance on geometric concentrators. As a result
and as discussed in section 1.2, many modern SBSP designs
include additional heavy concentrator structures comprised
of booms and trusses to focus sunlight onto the solar cells
without any intermittency or larger attitude adjustment ma-
neuvers. Standard geometric concentrators also need to be
pointed correctly to be effective, potentially requiring mov-
able mechanisms constituting a potential point of failure.
Other concepts also include additional on-chip concentrators
(Cash, 2021a).

To measure the impact of these variations, we must first
define common formulas for the mass-specific PV power ppy
and aerial density mpy. Therefore, we designate these for-
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mulas for the PV part of the satellite as follows:

PPV
Ppy = €y}
Msolar
M
Mpy = As;lar (2)
PV
Msolar = MSPG + Mreflectors + Mconcentrators (3)

Mgp; denotes the mass of the solar power generating
components and together with any reflector structures or
concentrators thus forms the simplified total mass required
to achieve the nominal solar power output of a system.
Some brief calculations can now show the impact reflec-
tors and concentrators can have on area-specific mass and
mass-specific power in particular as well as provide us with
some points of reference for our further analysis.

The SPS-ALPHA concept has a total orbital mass of 7,600
t with 3.4 GW of solar power installed across a surface area of
about 2.2 km? (Mankins, 2021). The solar power generating
units only make up about 5% of total mass (Mankins, Kaya,
& Vasile, 2012) and hence theoretically achieve more than 8
W/g at 181 g/m?. However, once the weight of concentrator
and reflector structures is added in accordance with equation
3, this number nearly falls by a factor of ten to 0.95 W/g at
about 1,600 g/m?. This illustrates the desirability of concen-
trator PVs without bulky external structures, a concept we
will investigate in sections 2.2.1 and 2.2.2.

Another example is the Chinese MR-SPS system. Due
to its reliance on separate PV and antenna surfaces, it also
requires great amounts of framing architecture. The total
orbital mass exclusively attributable to the 2.4 GW of solar
power generation is 2,000 t (Hou & Li, 2021). Despite a sig-
nificantly lower density of 333 g/m?, the resulting 1.20 W/g
lie relatively close to the SPS-ALPHA concept due to the com-
paratively low power levels of MR-SPS. One reason for this
might be the necessity of routing all the generated electric-
ity through cables and slip rings to the antenna, which con-
straints the amount of power that can be installed to limit
maximum voltage. Consequently, there is also no solar con-
centration employed. Mass-specific PV power would fall by
half if the framing architecture were to be added to the equa-
tion.

Lastly, we will briefly look at the CASSIOPeiA concept,
which reports a relatively light total orbital mass of 2,000 t
and the collection of 11.3 GW of sunlight (Cash, 2021a). Ac-
counting for optical losses of 20.1% due to multiple concen-
tration steps and a PV cell efficiency of 39.4%, this results
in 3.6 GW of PV capacity. Unfortunately, no further break-
down of satellite weight was available at the time of writing.
Therefore, we can use the weight split of SPS-ALPHA as an
approximation, with reflector and concentrators structures
contributing 42% of total weight (Mankins, 2021). Based
on the space segment architecture of CASSIOPeiA, where PV
and atenna elements are jointly placed on the helical array,

we assume a 50/50 split for the remainder. Consequently,
specific PV power in accordance with equation 1 equals 2.51
W/g at 491 g/m?. This can be considered very competitive
compared to the other two concepts. However, the weight of
external structures again decreases the metric by a factor of
two to three, strengthening the case for a different approach
to concentrator PVs for SBSP

It should also be noted that neither of the three systems
has an operational prototype and instead all fully rely on
modelling to obtain their metrics. Hence, the numbers are
theoretical and could decrease further in practice. In section
2.3 on module design, we also investigate similar dynamics
when calculating performance indicators that include anten-
nas and additional components. An overview of all metrics
will then be provided in section 2.7. With the results above
as a first point of reference for collect area-specific mass and
mass-specific PV power, we can now investigate some tech-
nology alternatives that show promise in overcoming some
of the aforementioned problems.

2.2.1. Integrated geometric concentrators

One possible solution to eliminate heavy supporting
structures is to integrate concentrators directly onto the PV
module. Such attachments could theoretically work in addi-
tion to any on-chip concentrators. One of the most successful
designs replaces standard planar cell area with parabolic sil-
ver mirrors fabricated from ultralight carbon fibre reinforced
polymer (CFRP) optics (Warmann et al., 2020). Each mir-
ror would concentrate light onto the back of its neighbour,
where a strip of PV cells including a cover glass is situated
as pictured in figure 3. Additionally, a multilayer optical
coating is applied to each mirror to aid with heat dissipation
for cell cooling. As a result, cell temperatures can be kept
below 100 °C despite the concentration. Heat management
is particularly important for promising new cell materials as
discussed in section 2.2.3.

It should further be noted that there is an inverse rela-
tionship between the level of concentration and the maxi-
mum acceptance angle under which sunlight can be gath-
ered. While higher concentration increases specific power,
it also constraints the angle from which sunlight can still be
accepted. This trade-off has implications for overall module
and system design as well as the power-optimal guidance of
the structure.

Overall, on-module curved silver mirrors have greatly
boosted specific power during experiments conducted by
Warmann et al. (2020). The prototype module also included
the RF components necessary for transmission but omitted
any supporting structures required to form an array. We will
return to the set-up including transmit antennas in section
2.3.1.

As part of the experiment, points of reference were estab-
lished. Commercially available cover glass-interconnected
cells (CICs) without any concentration displayed a mass-
specific PV power of 0.54 W/g at 804 g/m? (Warmann et
al., 2020). As a base for the concentrators, a mass-optimised
multijunction space cell comprising a cover glass was used,
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Figure 3: Visualisation of the ultralight concentrator concept by Caltech with parabolically curved mirrors concentrating the
light onto strips of PV cells on the back of the neighbouring mirror. An integrated DC-to-RF and antenna layer has also been

added. Own representation based on Warmann et al. (2020).

which on its own achieved 1.00 W/g at one sun and nearly
half the area specific weight of 450 g/m?. The addition
of such a cell to a 7.5 sun concentrator structure, such as
shown in figure 3, nearly quadrupled the result to 3.75 W/g
at 116 g/m?. Doubling the concentration factor to 15 suns
and making the mirrors thinner led to another increase to
5.20 W/g at 83 g/m?. By altering the coating on the concen-
trators, allowing the mirrors to be even thinner and hence
lighter, a final increase of specific power to 5.90 W/g at
only 67 g/m? was observed. This constitutes a significant
improvement compared to the commercially available cells
by around a factor of ten. Efficiencies were very similar at
about 30% across all tested system compositions. The results
also show significant improvements compared to the initial
prototype tested two years earlier, which achieved only 0.23
W/g at 800 g/m2 (Kelzenberg et al., 2018). In comparison
with some of the SBSP concepts, these measurements sug-
gest that intelligently integrated concentrators could greatly
boost the metrics critical for PV performance by increasing
solar power levels while eliminating considerable amounts
of mass.

Nonetheless, significant hurdles remain with the parabolic
concentrator structures. Firstly, some of the ultrathin CFRP
materials used in the demonstration are not yet commer-
cially available, which renders mass-manufacturing capa-
bilities uncertain (Warmann et al., 2020). Furthermore,
volumetric structures on top of the module constrain over-
all system architecture due to PV capabilities being limited
to only one side. Together with constraints on the accep-
tance angle under high-concentration scenarios, particularly
accurate attitude management of the solar array would be
required (Madonna, 2021). Lastly, they also complicate man-
ufacturing processes overall and suffer from optical losses.
Consequently, researchers have also been looking at other
integrated concentrator alternatives which allow for planar
PV structures. Depending on the SBSP system design, the
benefits of maintaining a planar structure to enable dual-
sided modules can be substantial and are further discussed
in section 2.3.

2.2.2. Luminescent solar concentrators

To maintain a flat-plate architecture while keeping spe-
cific power high and area-specific weight low, a different ap-
proach is required. Developing photonic devices with char-
acteristics at the nano-scale opens up possibilities for new
non-geometric concentrators by taking advantage of elemen-
tal interactions between light and matter. Luminescent so-
lar concentrators (LSCs) make use of luminophores in the
form of quantum dots, which emit photons when excited by
short-wave light or ionising radiation (Needell et al., 2017).
Quantum dots are nano-scale material structures made from
semiconductors whose extremely small scale leads to changes
in their optical and electronic properties based on quantum
mechanics. These can then be manipulated for the purpose
of concentrating solar irradiation on a PV cell by embedding
them into an optical waveguide. The resulting architecture is
displayed in figure 4. When hit by radiation passing through
the layers of the array, the luminophores then emit light
which is directed towards a PV micro-cell by the waveguide.
Through selectively picking the semiconductor materials of
which the quantum dot is composed, it is possible to influ-
ence the bandwidth of wavelengths in which light is emitted.
This bandwidth can then be optimized for the chosen solar
cell to maximize efficiency, for example by down-converting
blue or near-UV light to red (Madonna, 2021).

While photovoltaic systems utilizing standard geometric
concentrators, such as described in section 2.2.1, are partic-
ularly bad at capturing diffuse sunlight, LSCs can absorb di-
rect and diffuse sunlight (Needell et al., 2018). Therefore,
quantum dots can not only eliminate the need for concentra-
tor structures but also boost efficiency further by capturing
more of the light available. These benefits have also been
observable in device modelling simulations utilizing LSCs, af-
ter first tests in 2018 indicated that quantum dots could no-
tably improve conversion efficiencies (Needell et al., 2018).
Without bandwidth optimization of the light emitted by the
luminophore, mass-specific power levels of above 1 W/g at
140 g/m? and conversion efficiencies of about 12% have
been achieved (Needell et al., 2019). By using spectrally-
optimized quantum dots, specific power values were nearly
doubled to 1.84 W/g at the same area-specific mass and ef-
ficiencies improved to close to 20% . Other simulations sug-
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Figure 4: Luminescent solar concentrators employ a quantum dot made from a luminophore which emits light of specific
wavelenghts when excited by radiation. This light is then directed towards a solar cell by the waveguide. In this example,
near UV light passing through a selective reflector is converted to red light by the quantum dot before being transmitted to

the PV cell. Own representation based on Madonna (2021).

gest that, under optimal conditions, power conversion effi-
ciencies of around 30% are well within reach (Needell et al.,
2017). In first tests, LSC cells have also exhibited higher ra-
diation tolerances due to a reduction in their effective cross
section (Hu et al., 2021).

Therefore, quantum dot cells appear to be a promising
option for delivering radiation resistant flat-plate concentra-
tor PV modules. LSC technology can also be integrated into
flexible PV sheets (Needell et al., 2019). This characteristic
is greatly beneficial for space solar module designs that rely
on folding or coiling to keep volumes small during launch. A
material of particular interest for these types of flexible quan-
tum dot cells has been perovskite. Despite their relatively
early stage of development, flexible LSC perovskite cells have
achieved efficiencies of more than 12% and displayed greater
mechanical endurance than standard thin-film PV cells (Hu
et al., 2021). A research grade device of this kind is set to
fly for tests in 2022 (Madonna, 2021). Additional benefits
of perovskite are discussed in more detail in the following
section.

However, while LSC modules are certainly promising, it
should be noted that simulations did not include any con-
necting or transmission structures, which naturally decreases
weight. We will address this in the conclusion of this chap-
ter by utilizing the calculated weight premia. Additionally,
two limitations that were frequently encountered are the ab-
sorption of the light by the luminophore as well as poor trap-
ping of the emitted light by the waveguide (Needell et al.,
2018). Both of these result in less solar energy reaching the
PV cell and have to be investigated going forward. Lastly,
their exact behaviour under thermal and radiation stress has
not been fully explored yet. Future research efforts will have
to address these obstacles to make LSC cells ready for SBSP
systems, given the promise they are showing in attaining high
mass-specific power levels while maintaining a planar mod-
ule geometry.

2.2.3. Perovskite cells

Researchers are continuously exploring new material
compositions with beneficial properties for the use in so-
lar cells. One of the materials that has gathered particular
attention over the last couple of years is perovskite. Solar
cells based on perovskite display the ability to withstand
high-energy proton doses that exceed the levels basic sili-
con cells can endure by almost three orders of magnitude
(Lang et al., 2016). But not only is their radiation resistance
higher, their self-healing properties mean that photocurrent
and photovoltaic performance of the cell also start to recover
over time. This process based on thermal annealing even
starts when performance has dropped to as low as 2% after
high radiation exposure (Madonna, 2021).

The strong inherent radiation tolerance and high dam-
age threshold would allow for the removal of the protective
cover glass. Lightweight flexible perovskite solar cells man-
ufactured this way have been tested under radiation condi-
tions that equal several years of exposure in space, confirm-
ing their resilience and great potential for SBSP applications
(Malinkiewicz, Imaizumi, Sapkota, Ohshima, & Oz, 2020).
First prototype cells based on perovskite compounds have
been able to achieve exceptionally high specific power val-
ues of 29 W/g at an efficiency of 15.2% (Kang et al., 2019).
The aerial density mp, was measured at a mere 4 g/m?, in
part due to the lack of any heavy glass. While it should be
noted that this was for a single prototype cell without any pe-
ripheral structures and electronics, the performance increase
is still significant and would even remain very competitive
with mass increases by a factor of ten or more. However, at
about 20%, power conversion efficiencies still notably lag be-
hind those of standard multijunction cells (Kim et al., 2017).

Nonetheless, perovskite cells also display problematic
characteristics. Thermal degradation already starts to occur
at 85 °C (Kim et al., 2017), with performance deteriorating
in less than 24 hours to the point of inoperability as a result
(Miyazawa et al., 2018). This is particularly problematic
as the solar panels of satellites are known to be one of the



B. Kruft / Junior Management Science 8(3) (2023) 732-771 741

parts most exposed to severe thermal cycles, reaching tem-
peratures of up to 125 °C (Pisacane, 2005). While progress
has been made in composing cells that are more stable and
can manage elevated temperatures for extended periods of
time, the conversion efficiencies of these variants have so far
remained very low at under 5% (Miyazawa et al., 2018).

In conclusion, perovskite solar cells are still relatively
early in their development compared to modules based on
other materials. Still, more research should and is being con-
ducted on how to keep the coveted characteristics while over-
coming some of the shortcomings, given the great promise
these first forays have shown.

2.2.4. Nanowires

Besides for the purpose of solar concentration, operating
at the nano-scale can also be exploited to achieve greater ra-
diation resistance. Having inherently radiation-resistant ma-
terials that require minimal additional protection in the form
of heavy cover glass can potentially boost specific power ra-
tios more than simple efficiency gains (Gibb, 2018). Based
on this idea, material or structural compositions that trade
efficiency for radiation resistance in order to eliminate the
cover glass and extend the operating lifetime are of particu-
lar interest.

One technology that follows this approach are nanowire
PV cells. Nanowires are one-dimensional nanostructures
used for electrical transport (Cui, Duan, Hu, & Lieber, 2000).
Therefore, they effectuate the same purpose as normal wires
in standard cells but at a much smaller scale. Together
they form an array of high-aspect-ratio semiconductor struc-
tures with particular dimensions to enhance light absorption
and radiation resistance (Barrigén, Heurlin, Bi, Monemar, &
Samuelson, 2019). Simulations have shown the great poten-
tial of this technology to provide efficient, lightweight, and
radiation-tolerant power generation units in space (Espinet-
Gonzalez et al., 2019). These findings could then be con-
firmed by experiments, in which nanowire cells displayed a
damage threshold that was 10 to 40 times higher compared
to standard planar control cells. Upon closer inspection, this
benefit seems to result from a reduction in effective cross sec-
tion susceptible to defect production, much like with LSCs.
In other words, by using wires at the nano-scale arranged
in a particular fashion and embedded in the right materi-
als, these cells present a substantially smaller area where
impingement by incoming high-energy particles would lead
to degradation. They also benefit from the fact that they
are otherwise made of the same materials as standard III-V
multijunction space cells.

Tests under space conditions were further able to corrob-
orate these findings, with efficiencies ranging from 15% to
about 18% and improving over time (Espinet-Gonzalez et
al., 2020). Researchers also expect potential for optimiza-
tion with regards to the array geometry, which could fur-
ther boost efficiencies and radiation tolerances. Nonethe-
less, these numbers are the evidence of a for now necessary
trade-off between efficiency and radiation tolerance com-
pared to standard planar arrays. Lastly, nanowire arrays can

also be produced in the lightweight flexible sheet form con-
ducive to packaging and deployment in space (Cavalli, Dijk-
stra, Haverkort, & Bakkers, 2018). Overall, they provide the
possibility of extending operating lifetimes while eliminating
the cover glass for SBSP applications, in turn increasing spe-
cific power through a reduction in specific weight.

While the exact magnitude of these gains will have to
be validated through additional prototype testing, some
brief calculations can show the potential. We assume that
nanowire technology will offer the possibility of completely
eliminating the cover glass used for a specific cell. In reality,
this will likely only be possible in tandem with some of the
other technologies introduced in this section. However, for
simplicity, we will fully attribute the potential benefits to
nanowires for the purpose of establishing an upper bound.
Expecting a convergence of efficiency levels over the long
term and knowing that the cover glass can account for about
two thirds of total PV mass (Xu, Li, Tan, Peters, & Yang,
2018), we use the commercially available CIC from War-
mann et al. (2020) to recalculate mass-specific PV power
with the weight reduced by two thirds. The result of 1.56
W/g suggests that nanowire cells bear the theoretical po-
tential of tripling ppy from initially 0.54 W/g by decreasing
aerial density of the CIC from 804 g/m? to 278 g/m?.

2.3. Module design

While reliable and lightweight PV is critical for the func-
tionality of the space segment, it is at least of equal relevance
how the solar elements are integrated into modules with the
other satellite components, notably the transmission devices.
The importance of such modularity is further addressed in
chapter 4.2. In this section, we introduce various design op-
tions and their effect on weight- and power-related metrics.
Possible satellite structures and resulting deployment dynam-
ics will be discussed in the subsequent section.

Including the RF infrastructure of the space segment into
our analysis requires us to expand our equations from sec-
tion 2.2. Adding the mass and surface area of transmission
hardware components as well as considering the RF power
output of the satellite yields the following formulas.

DPrr = ﬁ C))

_— Msi;r + My -
PV/RF

Prp = Ppy * Npcrr * Nantenna (6)

Mgr = Mpcrr + Mantenna 7

The index DCRF denotes the infrastructure necessary to
convert the DC power generated by the solar array into RF
power, which is then transmitted by the antenna. In some
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publications npcgr also already includes 1g,¢enng- Addition-
ally, Apy/pr varies depending on the satellite design. For
sandwich modules, which have a shared collect and transmit
structure, equation 8 applies.

APV/RF =Apy =Agp (8)

For separate solar and transmission structures, such as
with the MR-SPS concept, Apy /gy is defined by equation 9.

Apyrr = Apy +Agr C))

The different metrics reported in Warmann et al. (2020)
for modules with and without the RF component also allow
us to determine a general weight premium for adding trans-
mission infrastructure to a lightweight solar module. The
magnitude of this change is therefore measured at 29 g/m?.
This premium can then be used heuristically to turn stan-
dard PV modules into integrated sandwich modules and vice
versa. We have therefore established a common baseline for
calculating the metrics selected to compare different satellite
module designs.

2.3.1. Sandwich modules

As discussed in section 1.1, most historical SBSP designs
relied on separate solar collection and power transmission
surfaces. Even today, the Chinese MR-SPS system still relies
on an external antenna connected to the solar array via rotat-
ing joints (Hou & Li, 2021). However, there are two major
problems arising from such an approach. First, the 6-km?
large solar array requires extensive wiring to route the elec-
tricity to the point of transmission. Second, the for accurate
targeting necessary independent rotation of both surfaces re-
quires something like a slip ring mechanism, which will be
under considerable thermal stress and constitutes a single
point of failure (Jaffe, 2020). Therefore, almost all modern
designs envision the use of so-called sandwich modules to
drastically reduce overall weight, in line with the trends we
have seen for solar components. These integrated modules,
which allow for the elimination of a majority of the wiring
and supporting structures during the DC-to-RF conversion
process while also introducing more redundancy to the sys-
tem, can be used in conjunction with lighter PV and trans-
mission technology to achieve higher specific power levels.
The California Institute of Technology is one of the leaders in
the area of planar sandwich modules, thanks to its extensive
research efforts as we will see below.

Generally speaking and as the name suggests, sandwich
modules consist of multiple layers, each of which dedicated
to one of the key functions of a SBSP satellite (S. A. Ha-
jimiri, Atwater, Pellegrino, Abiri, & Bohn, 2021). Hence,
there are at least three layers as shown on the left in fig-
ure 5. One for PV-to-DC, another for generation of the mi-
crowave signal or DC-to-RE and a third for the transmission
of the signal. Additional layers might be required, e.g. for
beam control. Together, they form a module that acts as
a solar-powered space-borne transmit antenna, sometimes

called a spacetenna (Jaffe, 2020). As a result, routing dis-
tances are minimized, heavy cables and many supporting
structures eliminated, and the spacetenna is deconstructed
into many identical individual parts (Madonna, 2018). Such
modularity also has significant implications for manufactur-
ing and maintenance as discussed in section 4.2. For some
applications it can be advantageous to rearrange the layers of
the sandwich module from a flat tile into an L-shape (Jaffe,
2013) as shown on the right in figure 5. However, this only
changes the geometry due to added optics but not the under-
lying functionality of the panel as the elements still share a
common substrate and are therefore nonetheless considered
a sandwich module.

The idea of sandwich architecture was first introduced
by Owen Maynard as part of early SBSP studies by NASA
and the Department of Energy (Maynard & Blick, 1980).
Since then, first prototypes were introduced by Japanese re-
searchers around the turn of the millennium (Matsumoto,
2002) and later further developed at Kobe University (Etani,
Iwashita, & Kaya, 2011). Unfortunately, metrics relevant for
specific power or aerial density calculation were reported for
neither of the two. Another prototype was built at the U.S.
Naval Research Lab (NRL) and tested in realistic space con-
ditions with varying illumination (Jaffe, 2013). However,
mass-specific power remained rather subdued due to a very
high aerial density of 21.9 kg/m?, resulting in merely around
0.005 W/g.

Significant progress has been made since, as evident by
the sandwich modules developed by Warmann et al. (2020)
and introduced in section 2.2.1. Once the conversion infras-
tructure and an antenna were added to the PV section, as
displayed in figure 3, even a mass-optimised multijunction
cell without any concentration still achieved a mass-specific
RF power pgy of 0.67 W/g at 476 g/m?. With concentrators
and the lightweight redesign, the metric went up to 2.87 W/g
at 96 g/m? for these kind of sandwich modules. While the
specific RF power level is less than half that of ppy, it can still
be considered as quite competitive. However, it should also
be noted that many prototypes have only integrated the ele-
ments indispensable to the solar-to-RF process and are miss-
ing phase shifting equipment or sometimes even a function-
ing antenna. Therefore, slight weight increases should be
expected for a SBSP-ready sandwich module.

In comparison, the Chinese system with its separated gen-
eration and transmission surfaces, only achieves 0.27 W/g in
mass-specific RF power when including PV and antenna sys-
tems but excluding supporting structures (Hou & Li, 2021).
These calculations suggest that combining both surface areas
via sandwich modules could significantly increase the rele-
vant performance indicators of the space segment.

Nonetheless, the way in which the module layers are inte-
grated and the weight of the antenna components also mat-
ters. The SPS-ALPHA concept envisions hexagonal frames to
combine the functional layers (Mankins et al., 2012). These
frames add a lot of mass to an otherwise relatively light sand-
wich design. Consequently, mass-specific RF power falls to
0.33 W/g at a comparatively heavy 3,222 g/m?.
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For CASSIOPeiA, we still have to include the helical array
structure to which the modules are affixed due to a lack of
granular data. Nonetheless, it achieves a notable pgy of 1.51
W/g at only 692 g/m?, even including these structures. The
fact that CASSIOPeiA therefore outperforms the MR-SPS by
a factor of three further suggests that the benefits of well-
integrated transmission and collection surfaces are substan-
tial.

An improved version of the sandwich prototype proposed
by Jaffe (2013) has also recently been sent for in-space test-
ing with the help of the X-37B orbital test vehicle (NRL,
2020). During the NRL’s Photovoltaic Radiofrequency An-
tenna Module Flight Experiment (PRAM-FX), the test vehi-
cle ascended to LEO to observe conversion efficiencies under
space conditions. The modules were also occasionally heated
to demonstrate the thermal conditions in GEO. Preliminary
results suggest DC-to-RF efficiencies of 37.1% and PV effi-
ciencies of 22.6%, resulting in a rather low overall module
efficiency of 8.4% (Rodenbeck et al., 2021). This is symbolic
for some of the issues that remain with such tiles.

Space segment design relying on sandwich modules also
has inherent shortcomings. Integrating all functionalities
and consequently the materials into a single tile can prove
difficult while maintaining high efficiencies and pose prob-
lems for heat dissipation (Jaffe, 2020). Hence, the efficiency
of each layer becomes even more important to minimise ther-
mal losses. Another issue is the correct alignment of the in-
dividual tiles. The structure resulting from these individual
modules is susceptible to applied forces such as microgravity
and therefore requires in-situm surface shape measurement
to maintain beam control (Madonna, 2018). This issue of
array management is discussed in section 2.5.

Furthermore, the orientation of the sandwich structure
during its orbit to ensure continuous operation can pose
problems. Seeing how solar and antenna surfaces can no
longer be rotated independently of each other, simultaneous
alignment towards the sun and the ground station becomes
impossible for some orbital positions. For instance, the satel-

lite would not be able to transmit around local midnight, as
the antenna surface would point away from earth if the solar
side remains sun-referenced. This problem can either be ad-
dressed at the module design or the satellite structure level.
For structural solutions, rear reflectors or mirrors combined
with concentrators, such as the ones used in the SPS-Alpha
(Mankins, 2021) or CASSIOPeiA (Way & Lamyman, 2021b)
concepts, would trade additional weight for a continuous
duty cycle. However, focussing light on the sandwich tiles
also bears the risk of increasing any thermal challenges. In a
more innovative approach, the CASSIOPeiA’s helical arrange-
ment could pose another potential solution. This structural
concept is briefly examined in section 2.4.2. Another alter-
native on the design side are dual-sided sandwich modules,
which we investigate next.

2.3.2. Dual-sided modules

One idea that has been investigated to overcome duty cy-
cle limitations of planar structures comprised of sandwich
modules are dual-sided tiles (Marshall, Goel, & Pellegrino,
2020). In general, this would result in the integration of ei-
ther a second RF surface, a second PV surface, or both, al-
lowing for increases of the duty cycle of up to 50%. These
different configurations are displayed in figure 6.

In order for the supplementary layers to not block solar
or RF functionalities on any side, they either have to be op-
tically transparent RF or RF-transparent PV. Due to the trans-
parency, adding both only results in greater module weight
without any meaningful expansion of the duty cycle. With
one dual-sided capability, it is already possible to optimise for
the attitude of the single-sided element without compromis-
ing the functionality of the other layers. However, optically
transparent antennas and particularly RF-transparent PV is
technologically very challenging (Madonna, 2018). Hence,
development so far has mostly focused on sandwich mod-
ules with an additional optically transparent RF layer, which
also promises to be lighter than the alternative of transparent
PV, Dual-sided RF furthermore benefits from shared DC-to-RF
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infrastructure.

Transparent antennas are not a completely new concept.
Already in 2009, American researchers have experimented
with mesh antennas placed on the solar cells of small satel-
lites, achieving transparency levels of 93% (Turpin & Bak-
tur, 2009). Overall, a meta study in 2020 was able to con-
firm that their performance had reached close to parity with
non-transparent kinds (Silva, Valenta, & Durgin, 2020). Sim-
ilar concepts have also been investigated by Chinese scien-
tists (Qiu et al., 2021). Therefore, these findings suggest
that adding an optically transparent RF layer appears to be a
promising way to maximise the duty cycle of planar sandwich
arrays without greatly increasing module weight.

However, even with dual-sided tiles in place, precise at-
titude control is still essential. This optimisation problem is
also called power-optimal guidance and is based on a trade-
off between a position that maximises power collection and
a position that maximises power transmission while account-
ing for the permissible squint angles of both surfaces (Mar-
shall et al., 2020). All these parameters also vary with the
chosen orbit, with GEO displaying the greatest benefits from
introducing dual-sided variants.

While no data on dual-sided RF module prototypes has
been reported at the time of writing, we can once again use
the CIC and flat-plate cell from Warmann et al. (2020) to
calculate some approximations. Essential for this heuristic is
the determination of a multiplier for the standard one-sided
RF layer weight premium established at the beginning of this
section. The fact that state-of-the-art optically transparent
antennas are of a mesh-like structure and can share signif-
icant parts of the DC-to-RF conversion infrastructure of the
other antenna suggests that the multiplier should be well be-
low two. For the purpose of our approximation, we have
chosen 1.3 as a suitable factor. Once these assumptions are
applied to the cells’ parameters, we obtain 0.28 W/g for the
CIC and 0.51 W/g for the flat-plate variant. Both constitute
a decrease of about 20% when compared to their standard
sandwich configuration. This gives us a rough order of mag-
nitude for the benefits an extended duty cycle would have to
realize to outweigh the increase in weight. To fully capture

this dynamic, mass-specific energy might be a better met-
ric for comparing single- and dual-sided sandwich modules.
Nonetheless, additional research beyond models is needed
to investigate whether overall the mass, cost, and complex-
ity added by introducing additional layers ultimately over-
shadow any system efficiency gains (Marshall et al., 2020).

2.4. Satellite structure and deployment

In this section, we explore different satellite structures
into which the individual modules can be arranged. Some
of our considerations from the previous sections, especially
those on concentrators, will be of great relevance to the over-
all structure. In particular, we will explore the impact of
the addition of trusses, booms, and any other structural el-
ements necessary to form the space segment on its weight-
and power-related metrics.

Our primary focus when it comes to SBSP satellite struc-
tures rests with planar and helical shapes, the latter ad-
dressing some of the shortcomings of flat-plate architectures.
Lastly, we also consider any stowage and deployment mech-
anisms required to place the body in orbit, as these also
impact satellite design and the selected performance met-
rics. Therefore, compact packaging and smooth deployment
while adding as little weight as possible are essential.

Consequently, we will also have to add new variables for
supporting structures to our equations to calculate overall
satellite array performance. Mass-specific power and aerial
density for the entire space segment will therefore be calcu-
lated in accordance with equations 10 and 11.

PRF
Psatellite = (10)
Msolar + MRF + Mstructures + Mauxiliary

Msolar + MRF + Mstructures + M,

auxiliary

(11)

Myatellite =
Apy /rr

For Apy /gr, €quations 8 and 9still apply. The mass of aux-
iliary systems such as propulsion is represented by Mjiiqry -
However, in most concepts they account for less than 1% of
total mass, limiting their impact on pygeeriire @aNd Mggrerrite-
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These formulas now allow us to determine the effect of in-
cluding structures to form a stowable and deployable array
out of individual modules.

2.4.1. Planar arrays

Planar arrays combine a large number of sandwich tiles or
modules into one common plane, which acts as a solar power
collector and converter as well as transmission antenna in
space. One envisioned approach for this is displayed in fig-
ure 7. Atile is seen as the basic unit of functionality of which
many will be arranged and connected into a strip with 1 m in
width and 60 m in length (Pellegrino et al., 2020). Attached
to deployable booms, these then form a PV and RF space seg-
ment measuring 60 m x 60 m. Multiple of these space seg-
ments combined could make up a SBSP power station. There-
fore, planar arrays are easily scalable by adding to the num-
ber of space segments. Consequently, sequentially increasing
the size of any smaller prototype in space until commercial
scale is achieved should be possible without greater issues.

Once again, the use of dual-sided tiles as discussed in sec-
tion 2.3.2 would be essential to maximising the duty cycle of
a planar space segment. So far, increases of up to 50% are
expected compared to single-sided modules (Marshall et al.,
2020). However, some intermittency would remain, requir-
ing utility-scale storage on the ground to achieve constant
power supply. Therefore, the overall trade-off for a planar
satellite would be between significant advantages in terms of
modular structure, scaling, and weight versus some remain-
ing intermittency. However, large-scale storage is also criti-
cal for other more prominent renewable technologies such as
wind and terrestrial solar. Hence, this is not an issue specific
to SBSP and contrary to the other technologies, the intermit-
tency associated with space solar would be very consistent
and predictable over the entire lifetime of the satellite.

For large planar structures to be viable, a mechanism
needs to be in place to allow for compact packaging during
space launch and transport as well as the subsequent deploy-
ment. One approach would see the space segment being z-
folded and rolled prior to launch, inspired by specific origami
techniques called kirigami (Gdoutos, Leclerc, Royer, Tiirk, &
Pellegrino, 2019). Following such a procedure, the nominally
60 m x 60 m payload could be transformed into a cylindri-
cal package of 2.2 m diameter and 1.8 m height (Madonna,
2021). This is based on extrapolations from smaller scale
lab studies using a 1.7 m x 1.7 m prototype (Gdoutos et al.,
2020).

Once the orbit is reached, deployment is initiated by first
uncoiling the cylinder and then unfolding the different strips
(Pedivellano, Gdoutos, & Pellegrino, 2020). This is achieved
by releasing strategically placed external constraints and
subsequently letting the array self-deploy, using the elastic
energy stored during packaging. Such an approach is also
called strain-energy-deployed. Nonetheless, a 60 m x 60 m
structure would have many folds susceptible to wrong or in-
complete deployment. Therefore, the sequence in which the
constraints are released needs to be optimised and controlled

to minimise chances of failure. First trials suggest that a step-
wise deployment from the inner-most to the outer most strips
of the space segment could be a viable option (Pedivellano
et al., 2020).

Tests of space segments for such a satellite structure have
already been able to provide some insights into the metrics,
with an initial design in 2016 setting a target of 100 g/m?.
A prototype with the dimensions of 1.7 m x 1.7 m managed
to achieve 150 g/m? in 2018. At a share of 42%, the two
longerons connected to each strip contributed the most to
the system’s overall mass (Gdoutos et al., 2020). The 50-
pm thick functional material followed closely behind at 41%.
Functional area also makes up about 75% of the total area of
the space segment. The result was an areal density of 136
g/m?, which is comparable to the levels discussed in section
2.3 on module design. Additionally, as the structure is scaled
up to its commercial proportions of 60 m x 60 m, the weight
share of supporting structures nearly halves to 24%, bring-
ing area-specific mass down to 126 g/m2. Such numbers
would be quite comparable to some of the other concepts
such as SPS-ALPHA, where supporting structures at scale are
responsible for a similar share of total mass (Mankins et al.,
2012). However, SPS-ALPHA is still much heavier at an ab-
solute level per module, suggesting room for improvement.

For the extrapolation of the commercial array, an aerial
density of 100 g/m? for the functional material was assumed,
in line with what has been achieved in past demonstrations of
sandwich modules (e.g. Warmann et al., 2020). Based on the
numbers reported by Gdoutos et al. (2020), we can assume
that additional structures to form the space segment as well
as for deployment and packaging would increase the aerial
density of high-performance ultralight sandwich modules on
average by 32 g/m?. This structural weight premium can
now be used to heuristically calculate performance metrics
for an array containing any type of sandwich module. For in-
stance, adding structures to the flat-plate multijunction tiles
from section 2.2.1 would lower mass-specific RF power only
slightly from 0.67 W/g to 0.62 W/g. The impact is greater
with lighter modules such as the 15-suns concentration vari-
ant, where specific power would decrease by about a fourth
to 2.15 W/g. Such a value for p,qep1ice Would still be signif-
icantly higher than CASSIOPeiA's mass-specific RF power for
the entire satellite of 1.51 W/g. This suggests that the bene-
fits of eliminating external reflector and concentration struc-
tures might be substantial. Due to their heavy components
and architecture, SPS-ALPHA and MR-SPS only achieve 0.32
W/g and 0.16 W/g, respectively.

There are also efforts to eliminate even more connectors
and hence mass by having the elements of the space seg-
ment fly in formation. For instance, the private company So-
laren has patented one specific approach (Rogers & Spirnak,
2005). The idea is that power plants comprised of multiple
space segments orbiting in formation would be even easier to
scale and require less assembly. However, the power-optimal
guidance problem becomes greater as the number of inde-
pendent elements increases. First studies indicate that the el-
ements of the constellation would also have to perform peri-
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Figure 7: The left side is a visualisation of how individual tiles or modules form space segments which can be combined into a
space power station. The right side shows the deployment mechanism for the space segments as a sequential combination of
folding and coiling. Adaptation based on Gdoutos, Truong, Pedivellano, Royer, and Pellegrino (2020) and Madonna (2021).

odic orbits relative to each other in order to not obstruct other
space segments (Goel, Lee, & Pellegrino, 2017). Algorithms
to optimize such relative movements within the constellation
are also being developed (Goel, Chung, & Pellegrino, 2017).

2.4.2. Helical arrays

As briefly mentioned before, the CASSIOPeiA concept is
pursuing a very different solution to avoid the power-optimal
guidance problem. By maintaining the underlying concept of
sandwich modules but arranging them along a double-helical
structure around a central axis instead of in a planar fash-
ion, a continuous duty cycle in GEO could be achieved with-
out sudden attitude adjustments (Cash, 2021a). As a result
of the change in satellite design, L-shaped sandwich module
variants as shown in figure 5 are employed, with PV and RF
components placed on a common substrate on the horizon-
tal plane. The other branch of the L. would mostly consist of
smaller struts to connect to the adjacent horizontal layers as
well as lenses and secondary reflectors. The antennas would
be spaced on the substrate in consideration of the employed
wavelength.

As introduced in section 1.2, the helix would be com-
plemented by two solid state-symmetrical reflectors on each
end (Cash, 2019). The dual primary reflectors above and be-
low the orbital plane would be sun-referenced and focus the
light onto the helix. By collimating the sunlight, they would
ensure uniform lighting of the sandwich array. Additional
secondary reflectors integrated into the sandwich modules
would then re-collimate the rays onto the PV chips. While
the current module design for CASSIOPeiA is planning on us-
ing standard III-V multijunction space cells with on-chip con-
centration, the technologies discussed in section 2.2 could
theoretically also be applied to further optimise for weight,
power, efficiencies, and radiation resistance. Given that the
aperture of a helix is constant from every angle, the structure
itself can furthermore intercept an equal amount of sunlight
from every side. However, since the reflectors providing the
first step of concentration are static, the satellite has one pre-

ferred orientation towards the sun (Cash, 2021b). Therefore,
the structure will have to rotate while orbiting to ensure the
side which maximises light collection is always directed to-
wards the sun.

So far, we seem to be facing a similar problem with the he-
lical array as with the planar array. With the orientation rel-
ative to the sun remaining constant, the orientation towards
the receiving station on earth is perpetually changing. How-
ever, superior flexibility of the antenna function integrated
into the helical array aims to tackle this issue. Each of the L-
shaped sandwich modules would be comprised of three flexi-
ble dipole antennas forming one antenna element which can
be associated with one or multiple PV devices on a common
substrate (Cash, 2021b). By strategically placing these three
flexible dipole antennas on each sandwich module, omnidi-
rectionality for the microwave beam can be achieved. The
projected area of the helix remaining constant from every
angle also means that the surface area of the transmitting
aperture facing the rectenna will technically remain constant
despite the rotation (Cash, 2017). All antennas would then
be connected to a system-wide synchronized timing reference
source to manage the 360-degrees steering capabilities of the
antenna array through phase shifting of the individual sig-
nals. This is discussed in more detail in the following section.
Overall, the structure can therefore slowly gyrate to main-
tain optimal orientation towards the sun while continuously
transmitting to a fixed point on earth due to its collective
360-degrees steering window. As we have seen, the resulting
continuously available mass-specific RF power of 1.51 W/g
can be considered very competitive.

Despite these clear theoretical advantages, which have
yet to be confirmed through a prototype, some drawbacks re-
main. Due to the increased complexity of the structure, it is
not as easily scalable as planar arrays. To increase the power
capacity in space, an entire new satellite would have to be
launched each time instead of just adding parts to the existing
one. Due to the use of sandwich modules, a certain portion
of modularity is still maintained, which will be beneficial for
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manufacturing and repairs. Similarly to the deployment of
the planar variants, the nominally 1.7-km tall core structure
of the helical array would be collapsible and enable auto-
matic unfolding with the help of springs and releases (Cash,
2021b). The targeted dimensions for the packaged helix have
not been disclosed yet. However, autonomous space robots
are anticipated to conduct some of the in-orbit assembly. This
issue is briefly discussed in section 4.2.

2.5. Array management

Essentially, array management fills a critical role as en-
abler of the modular sandwich structure. The benefits of
modularity for SBSP systems inevitably result in the antenna
being broken up into multiple smaller transmission devices.
In this section we discuss how an array comprised of a large
number of individual antenna elements can still act like one
big antenna by exploiting some of the basic characteristics of
waves. While such an approach may come with a number of
advantages compared to a singular big antenna, it also poses
some technical hurdles. This is particularly true for struc-
tures as large as the ones required for SBSP. As the coordina-
tion between the modules requires some form of connection,
often in the form of cabling, it would add complexity and
weight to the space segment. However, there are some new
approaches that aim to overcome this. Nonetheless, the un-
derlying concept is rather intuitive and essentially does not
differ between planar and helical arrays.

2.5.1. Phased arrays

Generally, forming a continuous microwave beam carry-
ing large amounts of energy over long distances is challeng-
ing. As a result, microwave power sources exceeding 10 kW
are typically pulsed as devices capable of continuous trans-
mission are rare, expensive, and difficult to maintain (Roden-
beck et al., 2021). All these characteristics make them ill-
suited for SBSP. Instead, multiple smaller apertures arranged
on a common surface can send out beams with lower power
in a concerted fashion, which then reach their target as if they
were a single high-power signal.

However, this set-up requires extensive coordination be-
tween the individual elements regarding targeting, ampli-
tude, and phase alignment. Synchronization is therefore crit-
ical, for which a common low-frequency reference signal is
typically employed across the entire system. Phase shifting
devices integrated into the antenna elements can then se-
lect appropriate shifts for each transmission device to adjust
the beam dimensions for a given task. Beam formation then
happens by exploiting constructive and destructive interfer-
ence between the respective electromagnetic waves. Vary-
ing phase shifts and amplitudes also allows the direction of
the beam to be controlled, which is typically constrained to
a 45-degree window if the antenna surface is planar (Cash,
2021b).

Besides enabling the use of sandwich modules, there are
a number of benefits to this power transmission approach.
Spatially combining smaller microwave sources offers great

scalability in power and distance, which can be tailored for
every specific application (Gal-Katziri & Hajimiri, 2018). Ad-
ditionally, such arrays offer greater beam steering capabil-
ities, added directivity, and enhanced signal-to-interference
and signal-to-noise ratios, which also scale with the number
of array elements (Stutzman & Thiele, 2012).

So far, phased arrays are already used in radar, sensing,
and communication systems (Gal-Katziri & Hajimiri, 2018)
but not yet at the kilometer-scale envisioned for SBSP Typ-
ically, they are also bulky, rigid, and heavy (Hashemi et al.,
2019). All these qualities would be major disadvantages in
SBSP. Hence, there have been first attempts to create large-
scale flexible array systems. Experiments using a 16-element
4 x 4 array powered by integrated geometric concentrator
PV cells while operating at around 10 GHz and with an aerial
density of 1,000 g/m? have been able to successfully power a
small LED over a very short distance (Hashemi et al., 2019).

Another potential benefit of light-weight flexible arrays
is the possibility of lensing, specifically for planar arrays.
Through a combination of the right architectures, circuits,
and algorithms, dynamic 3-D lensing of the flexible phased
array can result in a higher degree of focus of the microwaves.
First tests using free-space dynamic lensing have succeeded
in focusing and refocusing of the electromagnetic power
beaming field at a distance (A. Hajimiri, Abiri, Bohn, Gal-
Katziri, & Manohara, 2020). Using this technique, any field
profile permissible by the laws of physics could be created
through the correct setting being applied to the individual
elements. This could include beam distributions that either
form a focal point or maximize the total recovered power
at an unknown location in the near or far field. Crucially,
the array used for lensing can be arbitrary and non-uniform.
This would be very advantageous to the scalability of planar
arrays as their shape can vary when elements are added.
However, lensing would alter the attitude of the solar side of
the array in a non-uniform fashion, the potential effects of
which have not yet been investigated.

2.5.2. Optically scanned arrays

So far, the coordination between the antenna array el-
ements has mostly been achieved electronically. The com-
mon reference signal is therefore distributed to the modules
via cables. These so-called Active Electronically Scanned Ar-
rays (AESAs) are still in active development today for RADAR
applications (Yeary, Palmer, Fulton, Salazar, & Sigmarsson,
2021). However, with large arrays such as the ones required
for SBSB electrical synchronization can become challenging.
Especially with the shift to more lightweight and thin-film
functional elements, the infrastructure for synchronization
starts to become one of the main drivers of system cost, mass,
and power consumption (Gal-Katziri, Ives, Khakpour, & Ha-
jimiri, 2022). Maintaining timing accuracy for the reference
system across a large array electronically also remains a ma-
jor challenge (Gal-Katziri & Hajimiri, 2018). Hence, electric
synchronization mechanisms do not scale well with the array
size.
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Researchers are therefore looking to replace electronic in-
terfaces with optical connections. The addition of an on-chip
photodiode would allow for the timing information to be dis-
tributed over long distances via an optical carrier (Gal-Katziri
et al., 2022). This optical carrier could either move through
fibre or free space. Unlike electric cables, especially the latter
option is characterised by great physical flexibility, enhancing
modularity and all its benefits. Another benefit would be a
reduction of losses within the synchronization infrastructure.
For very large arrays, such as a space solar power station, it
would also be possible to mix optical synchronization with
local electrical synchronization. Overall, optical timing syn-
chronization could therefore be a viable alternative or addi-
tion to standard electronic modalities for SBSP by enabling
large, scalable, cheap, and lightweight phased array applica-
tions. The elimination of cabling could also prove another
boost to weight-specific power metrics. Optical information
transfer has further been shown to be interoperable with the
lensing of flexible arrays (A. Hajimiri et al., 2020).

2.5.3. Phased array algorithms

Lastly, phased arrays need the right algorithm to optimize
beam formation and steering. These algorithms need to be
adaptive and respond quickly when, for instance, small de-
formations due to microgravity threaten to exceed the very
limited beam steering tolerance from GEO of 0.0005 degrees
(ITU, 2021a). Development of such software suitable for
SBSP has been progressing recently.

In 2020, the previously 16-element flexible phased array
at 10 GHz has been enlarged to 256 elements (Gal-Katziri et
al., 2020). By employing a specifically developed algorithm,
researchers successfully demonstrated 2-D beam-steering
and correction capabilities in response to deformations. The
algorithm was also able to focus the beam of a 400-element
device and concentrate power on a receiver whose location
was previously unknown to the computer. For helical ar-
rays, an additional variable would enter into the algorithm
in the form of which of the three dipole antennas of a mod-
ule should be activated, based on the relative position of the
target. Otherwise, the concept remains largely the same.

2.6. Orbits and constellations

With the help of reflectors, a SBSP satellite can achieve
100% duty cycle in GEO by keeping its transmission array
earth-oriented. The reflectors then ensure that the solar side
of the panels is evenly illuminated, no matter their relative
position to the sun. Staying in GEO also ensures that earth
does not throw a shadow upon the satellite at any point
during the rotation. Such characteristics make it the orbit
of choice for all our selected SBSP concepts. However, ob-
taining GEO requires the satellite components to cover over
35,000 km. Such a great distance results in higher launch
costs than closer orbits, which is discussed in more detail
in section 4.3. Additionally, as investigated in the following
chapter, the greater the distance the larger the microwave
transmit and receiver apertures need to be to obtain sufficient

efficiencies. Lastly, due to its unique and desirable properties,
GEO has already been considered as crowded for a number
of years (Jehn, Agapov, & Hernandez, 2005). Consequently,
researchers have started to look at alternatives that alleviate
those problems while maintaining as high of a duty cycle as
possible to limit LCOE.

Generally, when a single SBSP satellite moves closer to
earth, its duty cycle decreases as the eclipse duration in-
creases and the structure will no longer be stationary rela-
tive to the rectenna. As a result, the squint angles required to
keep the satellite transmitting for as long as possible increase.
Therefore, a single SBSP satellite in a lower orbit than GEO
would again be subject to intermittency, potentially requir-
ing grid-scale storage at the ground station. We are therefore
facing a trade-off between accessibility, costs, and continuous
power supply.

The intermittency issue for closer orbits could be partially
overcome by employing a constellation of SBSP satellites.
This would ensure that at any point in time, there is a satel-
lite available that is outside the local eclipse and within the
maximum permissible squint angle window of the transmit
and receiver apertures. MEO would then be the preferred
option as configurations would be possible where the indi-
vidual pass time is still long enough that only few additional
satellites would have to be put into operation (Marshall et
al., 2021). This is particularly important seeing that multiple
space segments would also require more launches. However,
MEOQ also suffers from a much harsher radiation environment
than GEO (Larson & Wertz, 1992), increasing the importance
of some of the inherently radiation resistant technologies dis-
cussed above.

Overall, constellations in MEO consisting of four smaller
satellites or more to reduce elevation angles and ground sta-
tion size while maximising the overall duty cycle can be cost
competitive with system in GEO (Marshall et al., 2021). The
power-optimal guidance problem from Marshall et al. (2020)
could then be extended to N separate space vehicles. Despite
multiple satellites also requiring more launch capacity, an is-
sue discussed in section 4.3, they might ultimately be more
feasible given the far greater amount of orbits available in
MEO.

Furthermore, for planar arrays without external reflec-
tors, the benefit of using dual-sided over single-sided sand-
wich tiles diminishes as the orbit is decreased and the amount
of satellites increased (Marshall et al., 2020). This dynamic
is based on the fact that now not a single satellite alone de-
termines the overall duty cycle. Instead a single satellite in
position is enough to continue supplying energy to the grid.
As a result, satellites could also be smaller while in total pro-
viding the same amount of energy. A single satellite at 2 W/g
but with a duty cycle of only 50% would, all things equal, pro-
vide the same energy as a constellation of smaller satellites
with 1 W/g each operating at an overall duty cycle of 100%.
Additionally, a constellation could provide power to multi-
ple rectennas on earth simultaneously, given they are spread
out enough. This idea is further being pursued as one option
for the CASSIOPeiA project to allow for better collaboration
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between different governments.

Lastly, as the orbit decreases and the amount of satel-
lites increases, the share of LCOE attributable to the space
segment grows (Madonna, 2018). Consequently, the critical
metrics for the space segment defined in this chapter become
even more important for overall system economics. With the
larger squint angles at lower orbits, the required size of the
rectenna would also increase. However, this additional cost
is insignificant in comparison to the space segment.

2.7. Conclusion

Overall, a number of technology approaches were intro-
duced which are currently not factored into some of the most
developed SBSP concepts. Table 1 allows us to directly com-
pare radiation benefits and conversion efficiencies as well as
mass-specific power and aerial density values for different
parts of the satellite. As explained initially, some numbers
from the literature had to be adjusted or extrapolated upon
to achieve a like-for-like comparison. In the table, these are
shaded in violet. We will begin by summarising the assump-
tions and the basis upon which they were made. Extensive
explanations and references are also provided in the model
that was used for the calculations.

To obtain an estimate of the metrics if a new solar tech-
nology were to be implemented into a lightweight sandwich
module and vice versa, we have calculated a weight premium
of 29 g/m? which accounts for DC-to-RF and antenna layers.
This weight premium is based on an average of the masses
reported in Warmann et al. (2020). For dual-sided module
designs, a factor of 1.3 was applied to account for shared
infrastructure and the mesh design of the optically transpar-
ent RF components. An additional weight premium of 32
g/m2 based on Gdoutos et al. (2020) was used to simulate
the effect of supporting and deployment structures for when
the sandwich module is integrated into a planar array. Given
that we apply the same premia to all technology options, we
maintain comparability.

The assumed DC-to-RF efficiency of 70% sits at the lower
bound of the investigated concepts and assumptions in the lit-
erature (e.g. Sasaki, Tanaka, & Maki, 2013). Furthermore, it
is in line with what has been achieved during recent demon-
strations for tube-based (Mihara et al., 2018) and semicon-
ductor amplifiers (L.-C. Zhang & Shi, 2022).

When comparing the space segments of the selected con-
cepts, CASSIOPeiA achieves the highest specific power at
the lowest overall aerial density. One potential reason for
this could be the consequential use of light-weight sandwich
modules and high solar concentration levels. In particular, it
compares favourably to SPS-ALPHA, whose numbers appear
to remain subdued based on heavy module components and
external reflector structures. The only concept not employing
sandwich modules is MR-SPS, which consequently reports
the lowest specific power numbers although not the highest
aerial density. The lack of any solar concentration further
limits power output. In conclusion, all but CASSIOPeiA
fail to beat the baseline comparison CIC and flat-plate cells
once transmission infrastructure or more is added. The fact

that SPS-ALPHA has a lower ppy, than the mass-optimised
flat-plate cell despite employing concentrators is likely at-
tributable to the weight of its reflector structures.

Consequently, lightweight concentrator alternatives would
be needed. While integrated parabolic mirror modules
achieve the highest specific power across all options, in part
due to their ultralight design, the lack of commercial avail-
ability for the CFRP materials and the complicated produc-
tion makes their employment at scale uncertain. LSCs could
prove to be a viable alternative. However, so far their low PV
efficiencies limit specific power results. With convergence
of efficiencies, they could become the solar concentration
technology of choice due to their low weight, flat-plate ge-
ometry, and unconstrained acceptance angles in addition to
enhanced radiation resistance.

On the materials side, perovskite has established itself as
one of the elements displaying some of the highest p,, values
when used in a solar cell. This is despite its PV conversion
efficiency only reaching about half that of more established
alternatives. Even without any further light concentration,
our calculations suggest that it would be able to provide sig-
nificantly more than 1 W/g, even when integrated into a full
array. Its self-healing properties after radiation damage also
makes it well suited for the harsh environments of space, par-
ticularly when moving from GEO to MEO. Radiation resis-
tance and the resulting weight reduction when other protec-
tive measures are removed is also the chief advantage of cells
based on nanowire technology. Therefore, nanowires might
offer an opportunity to radiation-proof the peripheral com-
ponents to a perovskite cell and should therefore be used in
conjunction with any other radiation-proofing technologies.

Lastly, when comparing our heuristic calculations on
dual-sided sandwich modules, it seems that the additional
weight would not be too detrimental to their performance.
Mass-specific power values fell by about 20%. Therefore, a
commensurate boost to their duty cycle would be required
to keep mass-specific energy constant. Given that initial
studies suggest an increase of 50% to the duty cycle when a
second RF layer is introduced, the result would be net posi-
tive. Our simulated planar arrays containing these modules
also perform at or above the levels of SPS-ALPHA or MR-
SPS. However, they are still very early in their development
and further tests will have to be undertaken to determine
whether such changes to the module are the right approach
to solving the power-optimal guidance problem of planar
arrays. As a structural alternative, helical designs also come
with their own trade-off between a continuous duty cycle
and additional weight as well as reduced modularity, flexi-
bility, and scalability. Both helical and planar arrays could
then benefit from further mass reductions through at least
partially optically synchronised arrays.

In conclusion, the technology alternatives investigated
are not exclusively applicable to only one type of satellite.
Their utilization in practice should therefore not depend on
whether planar or helical structures are ultimately employed.
Arguably; all of the concepts might be improved by employing
a combination of new technologies. Based on our results, in-
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Table 1: A comparison of mass-specific power and aerial density calculations between established satellite concepts and tech-
nology alternatives suggests that some innovations could offer notable improvements. Shaded cells indicate that adjustments
or extrapolations based on the literature were necessary to obtain a like-for-like comparison. Further indication is given
whether a certain technology uses solar concentration or offers radiation resistance. Based on own calculations using the

numbers reported in this chapter.
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corporating LSCs into perovskite nanowire cells could result
in significant weight reductions, increased inherent radiation
resistance enhancing operational lifespan, and notably im-
proved specific power as well as aerial density metrics. These
elements could then be incorporated in a sandwich module,
given their superior performance when compared to the Chi-
nese variant with separated surfaces. The sandwich modules
could then either be used in a planar or helical array and
therefore improve the SPS-ALPHA and CASSIOPeiA concept
alike. All these optimisation consideration become an even
bigger lever for overall system economics if multiple satel-
lites are employed in a lower orbit as their share in LCOE
increases markedly.

3. Wireless power transfer and ground structure

Today, we transport energy by various means. Primary
energy in the form of oil and gas is hauled across oceans

and continents via ships and pipelines. Cables conduct elec-
tricity through buildings around the country and under the
sea over large distances, connecting grids around the world.
WPT follows the same concept of moving energy from point
A to point B - just without any physical structures in between.
Therefore, a concrete use case might be that point B is a place
to which energy is difficult to get to and far away from point
A, where energy is abundant, with the area between being ill-
suited for wires. This concept also underlies its application
to SBSP

Generally, WPT is defined as "the efficient point-to point
transfer of electrical energy across free space by a directive
electromagnetic beam" (Rodenbeck et al., 2021) and there-
fore, in contrast to passive energy harvesting applications,
pursues the maximisation of total power transfer efficiency.
A standard set-up consists of a transmitting aperture which
converts DC power to the electromagnetic waves of choice
and which are then sent to a receiving aperture a set distance
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away to convert the waves back to DC power.

While the focus of our analysis of WPT remains on its
specific applications to SBSB there is also ongoing research
into the idea of energy harvesting, which collects ambient
energy present in the form of microwaves to generate elec-
tricity (Kazmierski & Beeby, 2014). WPT is also classified
as an enabling technology for 6G (Saad, Bennis, & Chen,
2019). Furthermore, we will see in section 3.3.1 that the
military has played a critical role in fuelling research behind
WPT and continues to do so today, particularly in the United
States. While the military always has an inherent interest in
space, the strong association of the defence sector with SBSP
could pose geopolitical hurdles for its adoption. SBSP satel-
lites could be used to power remote military bases and vehi-
cles (Masrur & Cox, 2019). Theoretically, militaristic applica-
tions could also extend to the delivery of disruptive or even
destructive electromagnetic power against targets on earth
or in space. Therefore, SBSP could be a topic of interest for
the UN Committee on the Peaceful Uses of QOuter Space to
generate operational consensus across nations. These con-
siderations, however, are outside the scope of this thesis.

3.1. Metrics for power beaming evaluation

The following three metrics have been identified from
the literature (e.g. Rodenbeck et al., 2022) as key determi-
nants of power beaming systems with a primary focus on mi-
crowave power beaming:

Link efficiency [% J:

Link efficiency is often used to describe the share of DC power
that is ultimately available at the ground structure after con-
version to RF or laser, transmission to earth, collection, and
reconversion. Therefore, it is comprised of a collection of ef-
ficiencies corresponding to each of these steps. While in the-
ory it would be possible to break the conversion chain down
to each individual hardware component, we focus on the
sub-efficiencies commonly reported in the literature on WPT
demonstrations. This leaves us with three main efficiency
metrics for microwaves. First, DC-to-RF efficiency typically
includes losses incurred from routing DC power around the
space segment and the efficiency of the transmitting antenna.
Next, collection efficiency measures the share of emitted elec-
tromagnetic waves that ultimately impinges on the reception
area of the rectenna. Transmission losses due to interference
with the weather and atmosphere are also often included in
this metric. At the rectenna, RF-to-DC efficiency is simply
the rectification efficiency, including the routing of DC power
around the rectenna. For laser beaming, the final step would
entail optical-to-DC reconversion via specialised PV arrays.
The DC-to-AC conversion required to feed the generated elec-
tricity into the grid is not included in any demonstrations but
is a standard procedure with relatively high efficiencies.

Frequency [GHz]:

The frequency at which the beam is sent out does not per
se determine system performance. However, the chosen fre-
quency has significant implications on overall system design,

the scale of the apertures, as well as interactions with the en-
vironment. Therefore, it is an important metric when com-
paring power beaming systems. For optical transmission sys-
tems, the wavelength measured in nanometres, which can be
easily derived from the frequency, would be the more com-
monly used metric.

Power density [W/m?]:
The power density measures how much power is successfully
transferred and collected per unit surface area of the receiver
aperture. As beams will not be uniform in their power distri-
bution across the surface area, even with proper focussing, a
distinction can be made between the average power density
across the entire structure and the peak power density in-
curring only at certain points. The average density is mostly
important to the scale of the ground system while the peak
density is of particular importance for safety considerations
and certification. It can also be expected that power densi-
ties will be an important cornerstone in public discussions to
build social acceptance, given their close link to system safety.
Regarding the evaluation of demonstrations, it is impor-
tant to note that inconsistencies in the reported efficiencies
of power beaming demonstrations are common (Rodenbeck
et al., 2021). Not always are the system boundaries clearly
defined and hence some numbers might not be directly com-
parable. Sometimes certain metrics are omitted completely
from the publication. There are some older meta studies that
constitute notable exceptions (Brown & Eves, 1992). For fu-
ture research efforts, it will be crucial that parameter report-
ing is as uniform as possible with clear definitions of the sys-
tem boundaries and corresponding hardware components.
Additionally, more holistic metrics for evaluation, which may
also include costs, have been proposed in the past but not
caught on (Dickinson & Maynard, 1999). Nonetheless, ef-
ficiencies without such a clear framework, as most of the
ones reported in the past, are still helpful to obtain a general
understanding of the maturity and progress of microwave
power transmission (MPT) or laser power transmission (LPT)
technologies.

3.2. Beam types and atmospheric attenuation

The three main types of electromagnetic beams which
have been examined for the purpose of power beaming
are optical lasers, millimetre waves (mmWaves), and mi-
crowaves. Microwaves generally have a frequency ranging
from 300 MHz to 300 GHz, whereas mmWaves are a subset
of microwaves, representing the higher end of the spectrum
at 30 to 300 GHz. On the other hand, laser frequencies are
multiple orders of magnitude greater and measured in THz.

For the purpose of SBSP in GEO, these beams have to
transport large quantities of energy over distances exceed-
ing 35.000 km. While the majority of their journey will
lead them through the vacuum of space, the electromagnetic
waves will ultimately also encounter the earth’s atmosphere.
Here, any beam will experience losses due to interference by
the molecules along its path. Coming from GEO, the small-
est number of interactions would take place with a receiver
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Figure 8: Opacity windows in the atmosphere for optical waves and microwaves. (Jaffe, 2020)

placed directly at the equator, constituting an air mass coef-
ficient of one (AM1). However, the further you move away
from the equator, the more atmosphere the beam will have
to cross and the more losses it will therefore accrue.

The magnitude of these losses is also closely tied to the
wavelength of the beam. Consequently, it is not the entire
frequency range of light and microwaves that is relevant to
WPT. One of the factors determining the bands of interest
are the opacity windows in the atmosphere. These windows
represent wavelengths or frequencies where interactions are
minimal and are represented in figure 8.

Consequently, to minimise atmospheric losses, frequen-
cies towards the lower end of the microwave band should be
deployed, with opportunities for mmWave applications in the
K,- (26.5-40 GHz) or W-band (75-110 GHz). The latter two
are highlighted in green in figure 9. These environmental cir-
cumstances are further reflected by the fact that the frequen-
cies considered for SBSP are 2.45 GHz and 5.8 GHz (ITU,
2021a). Most demonstrations have employed these levels
as well, as we will see in section 3.3.1. In these frequency
ranges, atmospheric losses are very small, which makes them
well suited for SBSP applications (ITU, 2019).

Converseley, optical applications should use the visible or
near infrared parts of the spectrum to utilize the atmosphere’s
opacity windows. However, energy densities of lasers are by
some orders of magnitude higher compared to microwaves
(Grandidier et al., 2021), resulting in higher atmospheric
losses overall and also poor weather penetration characteris-
tics.

Impediment by weather is another factor of importance
when comparing modalities of WPT. While microwave trans-
mission has fewer problems with this as seen in figure 9,
lasers tend to be constrained in rainy or foggy conditions.
Such issues have also already been observed with other laser
applications such as LIDAR (Heinzler, Schindler, Seekircher,
Ritter, & Stork, 2019). This presents difficulties for SBSE
given how the underlying concept of renewable baseload
power requires the satellite to transmit energy at any time,
especially during extreme weather events.

A comparison of all characteristics with respect to the
three modalities, including atmospheric penetration, is syn-
thesized in table 2. Overall, one of the chief benefits of opti-
cal WPT is the small aperture size. However, despite decent
conversion efficiencies, the poor penetration characteristics
paired with more stringent safety requirements also resulting

from higher power densities present difficulties for SBSP ap-
plications. Crucially, optical transmitters at current techno-
logical levels are also very difficult to scale due to mechanical
tolerances and costs. mmWave applications also suffer from
this limitation, despite displaying potentially enhanced safety
characteristics, as has been shown in recent demonstrations
(Rodenbeck et al., 2021). Nonetheless, this makes these two
modalities less suited for the long distances required by SBSP
concepts.

In comparison, systems based on microwaves not only
perform well on the atmospheric front but also scale in
power proportionately to the aperture areas, which consti-
tutes a relatively easy way to enhance system performance.
Furthermore, progress in the past decade with vacuum and
solid state amplifiers in the antenna allows for higher DC-to-
DC conversion efficiencies (Grebennikov, 2011). However,
it should be noted that, compared to mmWaves, microwave
frequencies correspond to bigger wavelengths, making it
very difficult to integrate entire antennas on-chip as has
been achieved for mmWave applications (Shaulov, Jameson,
& Socher, 2017).

Overall, microwave systems have been favoured for WPT,
as evident in the many decades of demonstrations since
the middle of the 20" century. Next, we briefly discuss
microwave WPT and some of the most significant demon-
strations. Nonetheless, we will also briefly show some ex-
periments based on laser transmission and safety-enhancing
technologies in section 3.4, as notable progress could be
observed in recent years.

3.3. Microwave power beaming

In this section, we start with a brief look at the physi-
cal dynamics of WPT systems based on microwaves. Then
we will highlight important steps in the history of microwave
power beaming, including past and recent demonstrations,
followed by spectrum and safety management.

A system to transmit power from a solar satellite in GEO
via microwaves would see the generated DC electricity con-
verted to microwaves and send out in form of a beam via an
antenna array connected to the orbiting body. As discussed
in section 2.5, this transmitting array needs to be phase-
calibrated to achieve a concentrated beam for maximum effi-
ciency and targeting precision. The optimal power distribu-
tion for a transmit would then roughly resemble the Gaussian
curve (Brown & Eves, 1992). The receiving site would con-
vert microwaves to DC using a rectifying antenna (rectenna).
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Figure 9: Attenuation effects of different weather scenarios on microwave frequencies. (Rodenbeck et al., 2021)

This rectenna combines an antenna for collection, input fil-
ters, rectifying diodes, and an output filter to ultimately feed
electricity into the grid (Brown, 1977). Modern versions of
such a receiver can take the form of a mesh-like structure.
As a result, there are deliberations that a rectenna could be
combined with other renewable sources such as terrestrial
solar and wind or even employed on agricultural land (Jaffe,
2020).

Integrated rectenna approaches might help with social ac-
ceptance, given that the structures would have to be quite
large to be efficient. This relationship between size, wave-
length, and efficiency for the purpose of SBSP WPT has been
expressed by Shinohara (2014), amongst others, via the fol-
lowing formulas. A, and A, denominate the area of the trans-
mitter and receiver apertures, respectively, D the distance be-
tween the two, and A the transmission wavelength.

. AA,

T = m (12)

r _2
—=1—-e"
t

Niink = (13)

|l

The metric 7 relates these parameters in a way that allows
to model link efficiency with the help of equation 13. Both
formulas are an adaptation of the Friis transmission equation.
Changes are necessary as the Friis variant relies on far-field
assumptions that do not apply to WPT (Shinohara, 2014).
The far field parameters used for more standard RADAR ap-
plications typically do not focus on finite distances. However,
maximum energy transfer happens in the radiative near field
or Fresnel region, which can still translate to long absolute
distances for smaller wavelengths (A. Hajimiri et al., 2020).

The adapted equation demonstrates the trade-off at the
core of the system between utility due to size and efficiency.
One driver of this dynamic is the collection efficiency, which
is the proportion of the radiated waves that ultimately meet
the rectenna surface. Any waves that do not reach the re-
ceptor result in power being lost. Diffraction physics lead

to the simple conclusion that the waves will always be scat-
tered to some degree, requiring very large receiver sizes for
the distances encountered with SBSP. Equation 13 does not
take these sidelobes into account but could be tweaked by
including the beam pattern (Shinohara, 2014).

For an example calculation, a SBSP system in GEO with
a 1-km transmit aperture as well as a rectenna measuring
3.5 km in diameter operating at 5.8 GHz could theoretically
reach a 90% collection efficiency. It has also been shown
that collection efficiencies close to 100% are achievable in
practice but require diligent alignment as well as optimised
amplitude and phase distributions (Brown, 1974). An even
larger transmit array or rectenna could theoretically, within
limits, improve this number further. Additionally, should the
rectenna not be placed at or near the equator, its required
shape would shift to elliptical due to the resulting higher ele-
vation angles of the beam and its surface area would increase
further.

On the other hand, the inverse also follows from the equa-
tion. As opposed to having large structures in GEO and on the
ground to achieve high beam efficiency over long distances,
a closer orbit would allow for smaller apertures. However,
lower orbits such as MEO would also present two big draw-
backs. First, the transmitting and receiving areas would now
move relative to each other as the geostationary properties
are lost. Hence, some kind of guidance system would be re-
quired to maintain the link within the steering tolerance of
around 0.0005 degrees (ITU, 2021a). The solution that has
been devised to overcome this issue are pilot signals. These
are sent from the rectenna to the transmit array and have
proven safe and effective (McSpadden & Mankins, 2002).
The CASSIOPeiA concept, for example, also plans to employ
an encrypted pilot beam to maintain connection for its 1 to
10 GHz WPT system. We will further discuss pilot signals
later on. The second drawback is the loss of constant cover-
age due to relative positioning and effects of earth’s shadow.
As a result, a single SBSP satellite would no longer be able
to provide renewable base-load power continuously. How-
ever, a constellation of multiple satellites can overcome this
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Table 2: Comparison of the three beaming modalities. Microwaves appear best suited for high-power long-distance applica-
tions such as SBSP Own adaptation based on Rodenbeck et al. (2021)

Optical mmWave Microwave
Weather penetration
Clouds/rain/fog No Poor Very good
Conversion efficiency
Performance limits for DC/RF conversion OK OK Good
Requi t i
equlred.aper ure size . Small  Medium Large
Transmitter/receiver aperture sizes
Safety
Required due regard, pointing, user perception OK Good Good
Economy of scale Poor Poor Good

Present capabilities for high-power/long-distance

challenge as discussed in section 2.6.

One factor that has hampered demonstration results from
the very beginning until today are the hardware components.
Similar limitations such as seen with the Friis equation and
underlying far-field assumptions also apply to some of the
standard RADAR components used in most WPT experi-
ments. As they are not optimized for high-power beam
transmission and collection efficiency at range, achieved
link efficiencies can be limited (Shinohara, 2014). One
way around this would be customized equipment as used
by William Brown during his infamous JPL demonstration,
which we will elaborate on shortly.

Overall, there are many trade-offs and challenges when it
comes to WPT for SBSP applications. Nonetheless, over the
past decades there have been a number of successful demon-
strations of the underlying technology using microwaves. In
the following section, we briefly introduce the developments
and people that led to these achievements, paving the way
for today’s experiments.

3.3.1. Overview of power beaming demonstrations

In this section we introduce a summary of past, present,
and planned microwave power beaming demonstrations and
what kind of results they were able to achieve. A generalized
representation of a power beaming demonstration, including
the key metrics, is provided in figure 10.

Early history

After the concept of transporting electricity in a vacuum
without wires was theorised by James Maxwell in 1873 and
later theoretically validated by Heinrich Herz around 1890,
Nikola Tesla conducted the first experiment with WPT around
the turn of the century (Tesla, 1904). Sending alternating
surges through masts and thus creating a standing wave be-
tween them, he then placed receiving antennas at maximum
amplitude points. However, this failed to achieve any signif-
icant power transfer (Cheney, 1981). After this unsuccessful
demonstration, momentum died down until the middle of the
20" century.

U.S. dominance

With the resurgence of interest in RADAR technology dur-
ing the second world war, the idea of the wireless transfer of
electricity using microwaves also intrigued the military. Fur-
ther inspired by Isaac Asimov’s short story "Reason", which
we already introduced in section 1.1 as the first description
of SBSP using WPT, the U.S. defense sector started looking
into the concept.

At first, focus remained on the possibility of using WPT
to power unmanned aircraft for surveillance and communica-
tion purposes. In 1959, the defence contractor Raytheon pro-
posed the Raytheon Airborne Microwave Platform (RAMP).
The idea was to deploy a small helicopter at 15 km altitude
which would act as a communications node and be powered
by microwaves from the ground. The required amplitron
with an output of 400 kW at 3 GHz and a transmitting effi-
ciency of about 80% was then developed by Raytheon’s scien-
tist William Brown in the following year (Skowron, MacMas-
ter, & Brown, 1964). This project marked the beginning of
the golden age of WPT demonstrations as well as Brown’s po-
sition as a pioneer in the field. Shortly after, NASA, who was
also involved, successfully improved some key components of
the beaming system, allowing for more concentrated beams
and hence higher collection efficiencies (Potter, 1961).

In 1963, Brown went on to develop the first complete
modern WPT system at Raytheon’s lab. The set-up used
a magnetron coupled with a reflector to send microwave
energy at 3 GHz over a distance of 5.5 m. The resulting
DC-to-DC conversion efficiency came in at 16%, based on
an 87% collection efficiency and a 50% rectifier efficiency
with 100 W of output (Brown, 1980a). Another key ele-
ment to this experiment was the first modern rectifying an-
tenna to receive the microwaves and convert them back to
DC power. Brown was helped by fellow researcher Roscoe
George in developing this aperture. Together, they patented
the rectenna design a couple of years later (Brown, George,
Heenan, & Wonson, 1969). George also conducted his own
demonstrations at Purdue based on the design but only man-
aged to achieve 40% RE-to-DC conversion efficiency (George
& Okress, 1968). Spurred on by the initial success, addi-
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Figure 10: Visualisation of a general power beaming demonstration using microwaves, including the key reported metrics
relevant to our analysis. The antenna and rectenna can either be stationary or affixed to moving objects such as terrestrial or

aerial vehicles. Own representation

tional contracts were given out to pursue the RAMP concept.
Consequently, in October 1964 Brown conducted the first
microwave-powered small aircraft flight for which a small he-
licopter was flown at an altitude of 15.2 m for the duration
of 10 hours (Brown, 1965).

Towards the end of the 60s, attention also started shift-
ing towards the possibilities of power beaming in space. In-
trigued by Peter Glaser’s first concept for SBSP at Arthur
D. Little in 1968 (Glaser, 1968), which he further refined
in 1973 to elaborate the modalities of the power transfer
(Glaser, 1973), NASA gave additional contracts to Brown
to push the limits of power beaming at the time. A first
demonstration at the Marshall Space Flight Center (MSFC)
in 1970 resulted in a measured DC-to-DC efficiency of 26.5%
(Brown, 1980a). However, one of the deficiencies uncovered
by the experiment was the low rectenna collection efficiency
of only 74% versus the theoretical maximum of 100%. As an
improvement, the rectenna design was overhauled with ele-
ments being spaced more closely and in an overall hexagonal
shape. These steps managed to push the initial number up
to 93%. Furthermore, the Schottky-diodes essential to the
rectification process where switched to be based on different
materials. Overall, the rectenna components were also rear-
ranged from its previously flat design to a 3-D volumetric con-
struction to overcome difficulties arising from the new diode
spacing and achieve precise polarization alignment (Dick-
inson, 1975). These changes also boosted performance to
the point that another demonstration at the MSFC in 1974
yielded a far improved RF-to-DC efficiency of 82%, resulting
in an impressive DC-to-DC efficiency of 48% (Brown, 1980a).

Activities then shifted from the MSFC to the Jet Propul-
sion Laboratory (JPL) and the NASA Goldstone Deep Space
Communications Complex (Goldstone) in California. At this
point, Richard Dickinson from the JPL also became very in-
volved in the experiments. Ultimately, the efforts at the JPL
culminated in a demonstration in 1975 where power was
beamed over a distance of a couple of meters via microwaves

at 2.45 GHz, delivering DC power of 495 W at the rectenna
(Dickinson & Brown, 1975). Conversion efficiencies of 69%
and 79% for DC-to-RF and RF-to-DC respectively, resulted in
an overall strong system efficiency of 54%. This number con-
stitutes a benchmark that stands unbeaten to this day, despite
Brown identifying technical potential to boost link efficiency
further to 76% in the wake of the experiment (Brown & Eves,
1992).

Later the same year, another demonstration took place at
Goldstone. Based on the improved volumetric design, the
largest rectenna array to date was built, spanning 24 m?
with performance still exceeding 80% efficiency (Dickinson &
Brown, 1975). It was used to receive microwave energy sent
from an antenna 1.54 km away at a frequency of 2.4 GHz,
resulting in 30.4 kW DC power output with incident peak
RF intensities of up to 170 mW/ cm? (Dickinson, 1975). It
remains the highest power result to date, although the end-
to-end efficiency stood at only 4% as it was limited by the
transmission and receiving apertures (Dickinson, 2003).

In 1976, Brown followed up his success by tweaking the
rectenna design using a custom air-metal diode technology
which unfortunately has since been lost (Rodenbeck et al.,
2021). While its power handling capabilities were only in
the 10s of watts, it helped him achieve the highest reported
RF-to-DC efficiency to date of 91.4% (Brown, 1977). This
result serves as an example of what could be possible with
hardware customised for WPT. Nonetheless, due to the dif-
ficulties in fabrication, the 3-D volumetric rectenna design
was abandoned in the 80s in favor of a thin-film variant us-
ing photolithographic techniques. The thin-film design was
also able to demonstrate RF-to-DC conversion efficiencies of
over 80% at 2.45 GHz (Brown & Triner, 1982).

The 1970s thus turned out to be the golden age of WPT
demonstrations. The rapid progress increased NASA’s confi-
dence in the technology and its applications for SBSP. Further
theoretical studies in collaboration with the U.S. Department
of Energy followed, which culminated in a report concluding
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that SBSP with WPT was a feasible technology for the fu-
ture (Brown, 1980b). The 670-page document was also the
first time the concept of retrodirectivity to keep the beam on
target was introduced. However, for reasons unknown, the
publication marked the conclusion of NASA-sponsored pro-
grams and hence the end of U.S. leadership in the field of
WPT.

While the U.S. transitioned into a passive role, countries
like Canada continued with their own research programs.
The Stationary High-Altitude Relay Program (SHARP) culmi-
nated in the 20 minute long flight of a lightweight fuel-less
airplane (Schlesak, Alden, & Ohno, 1985). Achieving alti-
tudes of up to 150 m, it was remotely powered by microwaves
at 2.45 GHz and power densities of up to 400 W/m? were
measured at the wing. SHARP was also one of the first ex-
periments to make use of the light-weight thin-film rectenna
devised by Brown just a couple years earlier. Their proper-
ties made them particularly well suited for airborne vehicle
applications.

Japan’s advances

In the end, it was Japan who really took over the mantle
of leadership in WPT research. As a country of few natu-
ral energy resources yet with a lot of high-tech industry, it
was quickly enamoured by SBSP and its promises of some
clean energy self-sufficiency. Hence, the Japanese govern-
ment, universities, and businesses became quite active in the
pursuit of key technologies needed for SBSP - particularly
WPT. It is notable that, unlike in the U.S., the private com-
panies came from outside the defence sector. In its pursuit,
Japan continued to push the boundaries and was the first to
conduct in-space experimentation in 1983. The Microwave
Ionosphere Nonlinear INteraction eXperiment (MINIX) was
designed to gain insights into the interactions between iono-
spheric plasma and high-powered microwaves (Matsumoto
et al., 1982).

Another valuable contribution by Japanese researchers
was the technical development of beam tracking. With the
idea of retrodirectivity introduced in the 1980 U.S. report, it
was scientists at Kyoto University in 1987 who collaborated
with Mitsubishi Electric Corporation to develop a retrodi-
rective transmitter for automatic beam alignment between
transmitter and receiver (Matsumoto, 1989). The concept
was based on the transmitting array sending the electromag-
netic waves in the direction of a pilot signal operating at a
different frequency. Such targeting would not only be crucial
for systems operating outside of GEO, but small gravitational
deformations in an array, such as introduced in section 2,
could also have adverse effects on beam accuracy. The tech-
nology was then further improved upon with Nissan Motor
Company in the mid 1990s.

The automatic alignment technology opened up new pos-
sibilities for experimental set-ups. In 1992 during the Mi-
crowave Lifted Airplane eXperiment (MILAX), Japan ran a
successful demonstration of microwave power beaming be-
tween two moving apertures (Fujino et al., 1993). An elec-
tronically scanned phased array mounted on a moving ve-

hicle was successfully used to focus a 2.4 GHz beam on an
airplane in motion relative to the ground-based aperture.

Emboldened by its quick scientific advances, Japan was
then the first country to achieve power beaming in space. Its
International Space Year - pulsed Microwave Energy Trans-
mission in Space (ISY-METS) experiment on 18 February
1993 saw microwave energy beamed between two rockets
during launch (Kaya, Kojima, Matsumoto, Hinada, & Akiba,
1994). One rocket was carrying microstrip antenna arrays
and the other different rectennas, one of them designed
in the U.S., between which microwaves were then pulsed
(Akiba, Miura, Hinada, Matsumoto, & Kaya, 1993).

Additional experiments were then undertaken in the mid
1990s. The first was to better understand the dynamics of
large rectenna arrays consisting of many elements and the
required characteristics of each element as well as how to
connect them to maximise DC output. For that reason, re-
searchers from Kyoto University worked together with Kan-
sai Electric Corporation to target a beam across a distance
of 42 m at different rectenna constellations (Shinohara &
Matsumoto, 1998). Optimal results were achieved when
rectennas of equal DC output were connected. However,
for the huge arrays necessary for SBSP it will be impossible
to have equal microwave power densities across the entire
aperture surface and very difficult to mass-manufacture ele-
ments with identical performance. We will further discuss
manufacturing briefly in section 4.3. The second was an-
other airship experiment called Energy Transmission toward
High-altitude long endurance airship ExpeRiment (ETHER).
A blimp equipped with a 9 m? rectenna array consisting of
1,200 elements was flown at an altitude of 50 m for four min-
utes (Kaya, 1996). The aircraft was powered by a microwave
beam delivering 10 kW of power at 2.45 GHz. In line with
most past experiments, RE-to-DC conversion efficiencies of
81% were achieved.

During the course of its MILAX and ETHER experiments,
Japan also introduced dual polarization to its rectenna de-
signs (Fujino et al., 1993). This allowed the transmitting
and receiving array to be rotated relative to each other while
maintaining stable DC power output. Hence, the two aper-
tures no longer absolutely needed to be completely parallel
to each other. This property would be crucial for any SBSP
system design that either had the rectenna outside the equa-
tor area or any satellite not in GEO. The latter is the case for
Japanese SBSP concepts as shown in section 1.2.

Despite the lack of engagement by key institutions such
as NASA, some U.S. universities still conducted their own
demonstrations during this period. For example, the Uni-
versity of Alaska Fairbanks constructed a Semi-Autonomous
BEam Rider (SABER) helicopter in 1995 (Hawkins, Houston,
Hatfield, & Brown, 1998). It was powered by a 1 kW trans-
mitter operating at 2.45 GHz and showcased at the WPT con-
ference in Japan.

International momentum
Over the next decades, momentum for MPT increased
around the globe. Encouraged by Japan’s advances, NASA
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performed another comprehensive evaluation of the prospects
of SBSE the positive results of which prompted it to initi-
ate the SSP Scientific Exploratory Research and Technology
(SERT) program in 1999. The goal was research on key space
solar technologies, including power beaming. As part of this
program, a public demonstration was conducted in 2002 at
the World Space Congress in Houston by targeting a 5.8 GHz
beam at a 1 m rectenna array (Strassner & Chang, 2003a).
The system was also equipped with a retrodirective transmit-
ter, allowing the beam to track the receiving aperture while it
was moving around the exhibition floor. A RF-to-DC conver-
sion efficiency of 82% was ultimately achieved, once again in
line with past results but still lagging behind Brown’s record
from 1976. At the same congress, Japan exhibited the first
fully integrated solar power radio transmitter (Matsumoto,
2002).

Around the turn of the millennium, South Korea also
launched its own WPT program through the Korea Elec-
trotechnology Research Institute (KERI), which, based on
private communications with external scientists, managed to
demonstrate a total power beaming efficiency of 44% with a
final DC power output of just over 1 kW (Rodenbeck et al.,
2021). If correct, this would be the first result that at least
got close again to Brown’s 1975 JPL experiment.

While the World Space Congress helped restore momen-
tum to the WPT ambitions of the west, Texas A&M Univer-
sity continued innovating the rectenna with a printed cir-
cular polarization design (Strassner & Chang, 2003b). The
new approach achieved 78% RF-to-DC efficiency at 5.6 GHz
and allowed for 4 times fewer diodes over the surface of the
rectenna compared to old designs. Such improvements di-
rectly translate into simpler manufacture and overall lower
costs, both of which crucial factors for SBSP. At the same time,
other American universities tested wideband rectenna arrays
to potentially achieve flexibility regarding the transmission
frequency but could not achieve significant conversion effi-
ciencies (Hagerty & Popovic, 2001).

Also during this period, while JAXA published its SBSP
concepts, Kyoto University developed its Space POwer Radio
Transmission Systems SPORTS-2.45 and SPORTS-5.8 (Shi-
nohara, Matsumoto, & Hashimoto, 2004). By replacing the
standard microwave tubes in the transmitter with phase-
controlled magnetrons (PCM), the researchers achieved
higher efficiencies at higher kW power levels while also
improving beam steering capabilities. This PCM technol-
ogy was then used in 2008 for a relatively impromptu yet
historic joint Japanese-American demonstration in Hawaii
(Foust, 2008). Using microwaves, researchers successfully
beamed power across the 148 km distance separating Maui
from the big island of Hawaii. While beam collection ef-
ficiency remained very low at less than a thousandth of a
percentage point and power had to be kept low as not to
interfere with air traffic, the significance of the demonstra-
tion was showing that power could be sent via microwaves
across a distance roughly resembling the depth of the earth’s
atmosphere. Despite the PCMs, keeping the beam on-target
proved one of the key challenges. One year later, Kyoto Uni-

versity further tested two 110-W PCMs by beaming power at
2.46 GHz from a blimp to the ground (Shinohara, 2013). The
system was also using a pilot signal for beam tracking and
reached transmitting antenna efficiencies of 54.6%. It was
also around this time that the idea of transparent antenna
arrays as discussed in section 2 started taking hold.

Microwave power beaming today

As momentum continued to build in the last decade,
Japan succeeded in multiple large power beaming field ex-
periments as part of its SBSP initiative by the Ministry of
Economy, Trade and Industry (METI). Once again display-
ing the deep involvement of the Japanese private sector,
in 2015 Mitsubishi Heavy Industries transmitted 10 kW at
2.45 GHz with an aperture separation of 500 m (Nishioka
& Yano, 2015). Thus, they set a new Japanese record for
distance and power transmitted. The corresponding effi-
ciency numbers have not been reported. Also in 2015, METI
conducted a horizontal power beaming demonstration at
the Mitsubishi Electric Facility (Mihara et al., 2015). 1.8
kW were beamed 55 m at 5.8 GHz with a link efficiency of
18.6%. This particular experiment was preceded by lab test-
ing undertaken by J-Space System (Takahashi et al., 2016).
The researchers successfully showed that accurate beam tar-
geting could be maintained with the help of a retrodirective
subsystem despite temporary misalignments of the antenna
panels. As discussed before, such gravitational misalign-
ments would have to be expected for any array-based SBSP
system. The most recent Japanese demonstration was held in
2019, where microwave power was successfully beamed at
a density of 4 kW/m? towards a drone at a distance of 10 m
(Shinohara, Hasegawa, Kojima, & Takabayashi, 2019). The
60 W of power delivered, reduced to 42 W at 30 m altitude,
successfully prolonged the battery life of the drone.

Today, with a focus on sandwich modules as discussed in
section 2, Japan is looking to develop better Schottky diodes
to improve efficiencies of the rectification process (Mizojiri
et al., 2019). This can be seen as a promising approach,
given what Brown was able to achieve with his custom-built
diodes. Japan also initially had its first small solar satellite
WPT demonstration planned for 2015 (Tanaka, 2021). While
it has been delayed due to a lack in technological maturity of
WPT systems, amongst other things, Japan still has ambitious
goals. A key to their strategy remains the continued devel-
opment of daily-life use cases together with industry part-
ners for key SBSP technologies such as WPT. JAXA has also
communicated plans for more long-distance demonstrations,
which will then inform a decision in 2025 on whether to pro-
ceed with a demonstration involving a full system in space.

In the meantime, China has also launched multiple WPT
research programs at different universities across the country.
With its typical ambitious and centrally planned approach,
it expects to become the first nation to build a space solar
power station with practical value as announced through the
China Academy of Space Technology (Lei, 2019). In pursuit
of this goal, China has been building a dedicated Space Solar
Experiment Base in Chongqing covering 130,000 m?, which
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will be open to international experts.

Chinese programs have already produced a number of
successful demonstrations. In 2014, researchers at Sichuan
University beamed a small amount of power via microwaves
at 2.45 GHz across 4.5 m, achieving a link efficiency 14.2%
(Rodenbeck et al., 2021). Two years later, they experimented
with a subarray decomposition of the rectenna at 5.8 GHz,
boosting overall efficiency by more than 10% (H. Zhang &
Liu, 2016). In 2018, a demonstration in Xi’an also achieved
66.5% REF-to-DC conversion efficiency while using the first
focused MPT system with circular polarisation (Dong et al.,
2018). During the same year, plans were announced to build
an entire SBSP system on the ground for testing, with a tar-
geted beam distance of 100 m, power output of 1 kW, and
DC-to-DC efficiency of 20% (Hou & Li, 2021). This project
has not been concluded yet. The following year, similar tar-
gets were achieved by researchers at Wuhan University at the
less commonly used frequency of 10 GHz (Rodenbeck et al.,
2021). An approximate link efficiency of 19.5% across 100 m
was achieved. The most recent known Chinese demonstra-
tion took place at Sichuan University in 2020, with a system
operating at 5.8 GHz at 18.5% DC-to-DC efficiency over a dis-
tance of 10 m (Chen, 2020). China has also contributed to
rectenna designs by improving their heat management, en-
abling pferomance at higher power levels (B. Zhang et al.,
2015). Overall, China has been able to achieve quite im-
pressive results comparable to other nations, despite having
started its efforts rather recently. Nonetheless, the Chinese
MR-SPS concept targets a WPT efficiency of 54%, in line
with Brown’s record. Therefore, demonstrated efficiencies
still need to nearly triple to reach that goal.

For the future, China plans to launch tethered balloons
with solar panels at its newly built experiment base (Lei,
2019). Once those have reached their operational altitude
of 1 km, they will collect energy from the sunlight and beam
it down to the ground. There have also been plans for an-
other low-power demonstration at 5.8 GHz across a distance
of up to 100 m at the same base (Rodenbeck et al., 2021).
However, no updates are available as of yet.

The country of South Korea has also continued its engage-
ment with MPT. A notable advancement are Korean efforts to-
wards better heat management and high-power performance
of rectennas in 2018 (Park, Kim, & Youn, 2018), a continu-
ation of previous research by the Chinese. Additionally, in
2019 the U.S. entered into a partnership which resulted in
another drone demonstration (Song et al., 2019). 10 GHz of
power was beamed at an airship at a NASA facility using 32
rectenna array sheets in total and achieving speeds of 7 mph.
In line with this experiment, Korean companies are working
on microwave power transmitters in alternative ranges such
as the X-band at 7 to 11 GHz (Rodenbeck et al., 2021).

Meanwhile, the U.S. published its D3 Space Solar Pro-
posal in 2016, declaring its intention to become the leader in
SBSP (SDSC, 2016) - possibly also in response to Chinese ad-
vances. Agencies involved include the Department of State,
Department of Defense, DARPA, U.S. AID, NRL, the Air Force,
and defence contractor Northrop Grumman. As mentioned in

section 2.3.1, the United States has also conducted its own
space tests with the PRAM-FX, during which DC-to-RF effi-
ciencies of 37.1% could be demonstrated (Rodenbeck et al.,
2021). These results outperformed previous ground tests of
the employed sandwich modules (Jaffe, 2013). The Califor-
nia Institute of Technology is another American organisation
deeply involved in research on modular phased arrays, as
noted in section 2, including timing devices to achieve syn-
chronization at large scales for focused microwave beams
(Gal-Katziri & Hajimiri, 2018).

Recently, another MPT demonstration has taken place
in the U.S. to test the practicality of terrestrial microwave
power beaming over distances exceeding 1 km (Rodenbeck
et al., 2022). As this specific set-up made use of ground
bounce properties of microwaves over cluttered terrain to
boost power density and efficiency, it is not fully applicable
to SBSP use cases. Due to limited aperture sizes and power
handling capabilities of the utilized commercially available
diodes, which required beam defocusing, overall efficiency
was initially limited to 5%. Nonetheless, the ensuing case
studies have shown that such a setting could achieve link ef-
ficiencies of up to 44%, e.g. by increasing rectenna aperture
areas by a factor of 20. This is a relevant result for SBSE as
aperture areas are required and expected to be very large.

Over the next couple of years, the Air Force Research
Laboratory (AFRL) will be managing the Space Solar Power
Incremental Demonstrations and Research (SSPIDR) project
(Rodenbeck et al., 2021). The approach consists of incremen-
tal demonstrations and further development of key technolo-
gies, including MPT, and is structured in four phases. Ide-
ally, these would then culminate in a fully operational SBSP
constellation. The current phase one plans for three major
demonstrations. The first, called Arachne, attempts to be the
world’s first space-to-ground power beaming demonstration
by a modular sandwich panel with integrated beam forma-
tion optimisation via in-situ array shape measurement and is
slated for 2023. The second, SPIRRAL, will test thermal man-
agement capabilities of the system and is also planned for
2023. Finally, SPINDLE will test the overall orbital structure
deployment. These ambitious projects reflect the opinion of
leading American researchers on MPT that the technology
has progressed enough to allow for real world developments,
as expressed by Rodenbeck et al. (2021).

There are also private companies active in the field of
WPT without any direct governmental involvement. For ex-
ample, Emrod from New Zealand is planning to commer-
cialise MPT (The Economist, 2021a). In collaboration with
Powerco, a local electricity distributor, a prototype WPT sys-
tem has been developed in an enclosed test facility. Next, Em-
rod plans to beam power in the kW-range from a solar farm to
a client some 2 km away. The company claims an efficiency of
about 60% and intends to boost this number further by using
relays to refocus the beam along the way. This, however, will
not be an option for SBSE Another private sector institution
involved is Solaren. The California based company aims to
develop commercial SBSP plants to ultimately operate them
and sell their electricity (Solaren, 2022). For this purpose,
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they are also researching WPT systems but have not publi-
cised any demonstrations so far.

In conclusion, there have been a number of successful
MPT demonstrations over the years, addressing some of the
difficulties a system for SBSP at scale might encounter. Great
interest in the possibilities of this transmission approach has
been evident across countries and driven by a diverse set of
actors. However, technical implementation is not the only
challenge for power beaming based on microwaves.

3.3.2. Spectrum management

One of the bigger challenges for WPT remains spectrum
management. Globally, the International Telecommunica-
tions Union (ITU) allocates frequencies for different uses
(ITU, 2021b). So far, no wavelength in the spectrum has
been assigned to microwave power beaming. It would re-
quire a long and arduous process through the ITU to achieve
that. Additionally, national bodies such as the Bundesnetza-
gentur (BNetzA) in Germany or the Federal Communications
Commission (FCC) and National Telecommunications and
Information Administration (NTIA) in the U.S. impose their
own rules for spectrum utilisation. This results in a difficult
environment for new technologies to gain a foothold and can
hamper development and innovation.

Nonetheless, patterns regarding favoured frequencies
have emerged over the past decades. As we have seen, most
demonstrations take place around the 2.45 GHz and 5.8 GHz
frequencies. Both of them reside within the Industrial, Scien-
tific, and Medical (ISM) frequency bands as classified by the
ITU (ITU, 2021b). However, this broad definition is resulting
in the bands getting crowded. Hence, there was a notable
shift in some recent experiments towards higher frequencies
around 10 GHz, also known as the X-band. As discussed at
the beginning of this section, the atmospheric properties of
the X-band are slightly worse yet still comparable to those of
lower frequencies.

With this range of possible options, standardisation is
key. So far, no regulatory definition of power beaming ser-
vices exists to clear the path for more focused technological
development in harmony with regulatory ambitions. Only
Japan is currently making strides to tackle the lack of regu-
latory support by trying to establish WTP standards through
the Wireless Power Transfer consortium for practical applica-
tions (WiPoT) and the Broadban Wireless Forum (BWF) (ITU,
2021a).

Potential interference with other services also remains a
prominent issue. For example, telecommunication compa-
nies in the U.S. do not require licenses to operate in the ISM
band. However, they are not allowed to interfere with other
devices in the same band, which can limit the effectiveness of
power beaming in the ISM. This was the case during the 2008
Hawaii demonstration, where power levels had to be kept
subdued, resulting in lower efficiencies. Besides the base fre-
quencies used for WPT, harmonies up to the 10 level also
need to be filtered to prevent interference with devices op-
erating at these frequencies. This includes other satellites as

well as some of the most restrictive bands reserved for radio
astronomy (DoC & NTIA, 2021).

Rodenbeck et al. (2021) have conducted a simulation us-
ing the 2.45 GHz (NASA, 1978) and 5.8 GHz SBSP reference
systems by NASA (Davis, 2012). As shown in figure 11, side-
lobes with significant power levels remain even at high col-
lection efficiencies. As a result, many hundred MW of power
would be scattered away from the rectenna, degrading sen-
sitivities of Bluetooth devices or radios for thousands of kilo-
metres away from the rectenna. Harmonics of 2.45 GHz and
5.8 GHz also fall within primary space-to-earth service bands
(ITU, 2021b). Consequently, transmitting antennas would
have to filter those harmonics down to non-interfering power
levels, as existing communication systems are not adapted to
deal with these levels of potential interference.

3.3.3. Safety

Based on past microwave technologies, safety thresholds
for microwave exposure have already been defined by vari-
ous organisations. In general, the Institute of Electrical and
Electronics Engineers (IEEE) considers a power density of
about 100 W/m? safe for controlled access areas (IEEE Stan-
dards Coordinating Committee, 2019). This number does
not necessarily constitute a hard physical limit, given that
power transmitted by the sun’s light can reach 1000 W/m? in
certain places during the summer (Koblin, Kriiger, & Schubh,
1984). However, this increased limit would still be lower
than some of the power densities achieved in the past. For
example, the 1975 Goldstone demonstration peaked at 1,700
W/m? (Dickinson, 1975).

Hence, systems must be in place to ensure that adequate
limits are not exceeded and that the beam remains on tar-
get. The necessary steps are often referred to as the "6 Ds"
(Rodenbeck et al., 2021). In particular, they specify that a
system should be able to Detect any potentially unsafe situa-
tion in order to then Decide whether to Defocus, Divert, Dim,
or Douse the beam. Nonetheless, most demonstrations have
stayed well within these limits and diffraction physics also
mean that over the large distances SBSP requires, power will
inevitably spread out. The latter would be conducive to lower
power densities as measured in W/m?, suggesting the clear
possibility of a safe MPT environment. Once again, uniform
standards appear key to develop the technology towards a
safe direction.

3.4. Laser power beaming

Microwaves are without question the modality of choice
for all major power beaming concepts. Nonetheless, laser
power beaming made some recent progress and is hence in-
cluded in this analysis as a somewhat possible alternative. A
chief benefit of LPT is without a doubt the smaller scale of
the systems involved. Given the much smaller wavelength
when compared to microwaves, the sizes of transmit and re-
ceiver apertures are a fraction of those of MPT systems. For
instance, an optical beam near the infrared spectrum at 795
nm would require a receiver of only a few meters in diameter
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Figure 11: Sidelobe patterns for the 2.45 and 5.8 GHz NASA SBSP reference systems. (Rodenbeck et al., 2021)

(Rubenchik, Parker, Beach, & Yamamoto, 2009) as opposed
to the kilometer-scale rectennas used for microwaves. These
considerations were first introduced into the discussion in the
early 2000s (Penn, Law, et al., 2001).

Additionally, laser beaming from space could make use of
so-called direct solar pumped lasers, which use concentrated
solar irradiation directly as an energy source for the beam
formation in the gain medium without the need of going
through an electrical conversion first (Summerer & Purcell,
2009). This bears the potential of lower conversion losses
and the avoidance of high voltages on the space segment.
However, they prove difficult to scale to SBSP levels and heat
management of the laser generating segment remains an is-
sue.

On the receiver end, PV cells specifically designed for the
transmission wavelength of the laser could be used. There-
fore, these cells can be fine-tuned for a small portion of the
spectrum instead of for the majority of it like standard PV
cells (York & Fafard, 2017). Such specialized multijunction
cells are pushing monochromatic optical-to-DC conversion
efficiencies close to 70 %, approaching those of rectennas.

Due to the long distances across which power must be
transferred for SBSB fibre lasers promise to be a well-suited
variant based on their high levels of brightness and beam
quality (Grandidier et al., 2021). Overall, they are char-
acterised by superior heat management when compared to
conventional lasers, high efficiencies due to the use of laser
diodes, and good scalability of optical power. As a result,
conventional fibre devices can achieve link efficiencies in the
range of 20% to 30%.

Finally, beam tracking is also of great importance to LPT
systems, particularly because the target is much smaller. The
same retrodirective approaches introduced for microwave
beams and involving a pilot signal could also be applied to
lasers (Summerer & Purcell, 2009). The concept of array
building to overcome hardware scalability issues is likewise
a theoretically viable alternative for lasers.

3.4.1. Selected demonstrations

So far, there have been a number of notable laser power
transmission demonstrations, particularly in recent years. In
2004, Japanese scientists developed a set-up intended to use
a laser to beam power to a rover looking for ice on the moon
(Kawashima & Takeda, 2004). In a terrestrial demonstration
with a life-size rover, power was beamed across a distance of
1.2 km with a link efficiency of more than 20%.

Laser transmission was also investigated in the context of
powering robots or aerial vehicles. One such demonstration
using a 200-W laser at 808 nm achieved output power levels
of 40 W at the target, resulting in a link efficiency of 20%
(Kawashima & Takeda, 2008). However, the large amounts
of dissipated heat when output power was increased above
a couple hundred watts and the lack of compact cooling sys-
tems suitable for such high-power lasers remained an issue.

More recently in 2014, a high-power transmission sys-
tem was demonstrated by Chinese researchers for a distance
of 100 m and employing a 793-nm wavelength (Tao et al.,
2014). Using multijunction GaAs cells for reconversion, the
optical-to-DC conversion efficiency remained subdued at 40
%, resulting in a link efficiency of 11.6%. Nonetheless, a
power density of 60,000 W/m? was measured. Such high
levels are indicative of why safety is of an even higher im-
portance for laser-based transmission systems. We briefly
explain some safety thresholds and mechanisms in the fol-
lowing section.

Japan has also conducted a laser power transmission
demonstration in 2016, in which a beam was sent from the
top of a tower to a receiving station on the ground, thereby
bridging a vertical distance of 200 m (Tanaka, 2021). At
1070 nm and an output power of 350 W, 74.7 W were
ultimately received on the ground. This results in a link
efficiency of about 21%.

The most recent and most advanced demonstration took
place in 2019 at the U.S. Naval Surface Warfare Center in
Maryland (NRL, 2019). In collaboration with the private
company PowerLight Technologies, the NRL conducted the
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Power TRansmitted Over Laser (PTROL) project. It consisted
of a 2-kW laser transmitter and a receiver specifically opti-
mised for the laser’s wavelength. Ultimately, 400 W were
beamed across a distance of 325 m and converted back to AC
to power lights, several laptops, and a coffeemaker. A key
challenge during the project included interference with the
weather, such as snow or rain. Unfortunately, the achieved
link efficiencies were not openly communicated.

3.4.2. Safety

Similar to microwaves, there are organisations which
have defined exposure limits for optical beams. For instance,
the Laser Institute of America (LIA) publishes a series of
safety guidelines and standards through the American Na-
tional Standards Institute (ANSI). Recent standards put the
limit at 1,000 W/m? (The Laser Institute, 2014). However,
as was demonstrated during the Chinese experiments, these
limits can be exceeded. Especially in the military, the thresh-
old is commonly crossed if other safeguards are in place that
make it highly unlikely for anyone or anything to be exposed
to the beam directly.

One innovative approach for such a safeguard system was
also on display during the 2019 demonstration by the NRL.
By employing guarding sensors which figuratively caged the
beam, objects could be detected before they reached it and
the system would be turned off (Nugent, Bashford, Bashford,
Sayles, & Hay, 2020). It could then restart automatically in
a few seconds after confirming that there were no longer any
foreign objects in the beam’s path.

3.5. Conclusion

Across the different power beaming modalities, mi-
crowaves seem to have been established as the technology of
choice. While lasers offer the possibility of smaller aperture
sizes and hence decreased space segment mass, their poor
weather penetration characteristics and lack of cost-efficient
scaling pose significant hurdles to their implementation in
SBSP systems. Consequently, all major advanced concepts so
far rely on MPT.

For microwave-based approaches, there have been many
successful demonstrations over the past decades. These
prove the technical practicality of the technology. Still, none
of the distances so far have come close to what would be
required of a space-to-earth WPT. Consequently, the scale of
transmitting and receiving apertures has also remained lim-
ited compared to the km-size structures necessary for SBSP
A comparison of orbital distances for different concepts and
the maximum achieved can be found in table 3.

Many of the records for beaming efficiencies established
by Brown in the 70s and 80s still stand to this day. Specialized
hardware tailored to MPT instead of general RADAR applica-
tions has played an important role in his achievements and
will be required again to maintain the efficiency levels nec-
essary for SBSP However, the overview in table 3 also shows
that the conversion efficiencies achieved during demonstra-
tions are already in line with what major SBSP concepts

expect. The persistent misconceptions about its feasibility
therefore seem unfounded and based on misconceptions re-
garding the technology and associated far-field assumptions
(Shinohara, 2014).

The contribution of the WPT segment towards LCOE also
mostly comes from the amount of energy that is transmitted
and the cost of the rectenna. Variance analyses for LCOE so
far suggest that the latter does not have a significant impact
relative to the other cost positions (e.g. Way & Lamyman,
2021a). Therefore, a trade-off between an increased aper-
ture size to maximise microwave collection efficiency and in-
creased construction costs might be beneficial.

Overall, as space is getting more commercial and polit-
ical, momentum for WPT in a space setting is increasing.
Another indication for this dynamic is the most recent wave
of in-space demonstrations and China as a notable new en-
trant into the field. Especially the U.S. will see itself pres-
sured not to be left behind by ambitious Chinese WPT tar-
gets. Nonetheless, it is critical for the main actors to define
a common regulatory definition of the technology around
which standards could be formulated. Such shared frame-
works would help overcome the remaining challenges re-
garding spectrum and safety management and include start-
ing or supporting the necessary processes within the ITU. Fur-
thermore, early engagement with society at large to educate
them on WPT could help drive the social acceptance of the
technology.

4. Infrastructure and manufacturing

Having covered the space segment as well as the energy
transfer to earth, we now take a look at the production and
infrastructure necessary for SBSP During our brief analysis of
the manufacturing side, a particular focus will be placed on
economies of scale and first considerations regarding the life
cycle of the system. For the required infrastructure, ongoing
developments in the launch market play a critical role in de-
termining the technical and economic feasibility of SBSP As
part of this, we will also discuss some of the orbital consider-
ations and implications of the chosen orbit on capacity and
cost. Overall, launch infrastructure and capacity will be the
focus of this chapter.

4.1. Metrics for infrastructure and manufacturing evaluation

For the production, launch, and orbit of SBSP systems,
the following metrics were determined to be of importance
to gauging overall system performance.

Mass-specific costs [$/kg]:

This metric measures the costs incurred per unit mass of the
SBSP system to render it operational and can relate to a num-
ber of processes. First, the average production costs of the
sandwich modules and other components for the satellite as
well as the rectenna can be measured in a comparable way
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Table 3: Comparison between the MPT metrics targeted by major SBSP concepts and what has been achieved during power
beaming demonstrations. While no distances in the same order of magnitude have been achieved, transmission efficiencies

are already at or above the desired levels.

Beaming Frequency Efficiencies Distance | Power density
modality [GHz] | DC-to-RF | Collection” | RF-to-DC Link [km] [W/m2]
Concept target metrics
SPS-ALPHA Microwave 2.45 70.6% 83.3% 58.8% 36,000 85
CASSIOPeiA Microwave 2.45 85.0% 82.0% 85.0% 59.2% 36,000 60
MR-SPS Microwave 5.80 83.3% 90.0% 76.5% 57.4% 36,000 73
Demonstrated values
Maximum achieved | Microwave |2.45 - 10.00" >70.0% >90.0% 91.4% 54.2% 148 1,700

* Based on diffraction physics, mostly depends on relative antenna/rectenna dimensions, distance, and beam steering capabilities

t Range of all performed demonstrations

using mass-specific costs. Second and arguably more impor-
tantly, launch costs are measured in dollars per kilogram pay-
load. Overall, this metric can then be used to put a dollar
value on some of the calculations from section 2.

Launch capacity [t/a]:

The launch capacity per year denotes the total mass that is
transferred into space throughout a certain time period, for
instance a year. Due to the long lead times in the launch mar-
ket, this number can either be based on past realised launches
or services already locked in for the near future. Given the
great mass of all SBSP satellite concepts, launch capacity is
critical in determining the time scales over which a space ve-
hicle could be established in orbit. It should further be noted
that far from all of this capacity would be available to SBSB as
other projects have already booked their launches and some
lift vehicles might be incompatible with SBSP components.

Energy payback time [days ]/[months J:

Energy payback time measures the period it would take, of-
ten in days or months, for a given SBSP concept to earn back
the same amount of energy that was used to render it op-
erational. This includes energy embedded in materials and
expended during production processes as well as the energy
necessary to transport all components into orbit. The met-
ric enables us to analyse how long it takes to amortize the
energy invested into SBSP generation capacity.

Emissions factor [g COgq/kWh ]:

Given that SBSP is intended as a renewable energy source, it
is important to determine the amount of emissions associated
with its energy production and resulting from all stages of its
life cycle, including those by some of the required infrastruc-
ture, such as launch systems. While we focus on greenhouse
gas emissions, the impact can also be extended to all kinds
of externalities. For instance, the use of critical raw materi-
als or land use of the rectenna are outside the scope of this
thesis but also important when considering the sustainability
of SBSP systems.

Based on these four metrics, we now evaluate some of
the production and infrastructure necessary to facilitate the
large-scale employment of SBSP We begin with a closer look
at manufacturing, assembly, and maintenance dynamics fol-
lowed by an analysis of the space launch market.

4.2. Manufacturing, assembly, and maintenance

So far, many satellite manufacturing projects have been
marred by long delays and large cost overruns. One recent
example of this is the James Webb Telescope. Initial cost tar-
gets were in the range of $ 1 billion to $ 3.5 billion with
the launch slated for 2011 at the latest (Greenfieldboyce,
2021). Ultimately, the space telescope cost more than $ 10
billion dollars and was only launched in 2021. One of the
factors driving this disadvantageous dynamic is the lack of
economies of scale. Large projects such as the Webb Tele-
scope are complicated one-off satellites with little modular-
ization.

However, scientific satellites’ primary goals are not of
an economic nature. Conversely, SBSP heavily relies on
economies of scale to bring production costs down and ac-
celerate manufacturing processes to ultimately achieve eco-
nomic competitiveness. Here, modularizing the satellite and
rectenna design as much as possible is an important enabler
and hence pursued by most concepts as discussed in section
2. Generally, modularity is the idea of dividing a system into
smaller elements that can be designed, optimized, and manu-
factured independently around common measurements and
consequently exchanged with other modules in the future
(O’Quinn & Jones, 2022).

Recent years have also seen a drastic increase in the
amount of commercial satellite projects, which helps fuel
cost optimization in space manufacturing through learning
curves. Learning curves represent a decrease in specific costs
as devices are produced repeatedly and hence the process can
be optimized. Typically, the learning factor in the aerospace
sector amounts to about 85% (Madonna, 2018). This means
that each new batch benefits from a cost reduction of about
15%, reaching a limit once around 50% of initial costs are
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reached. The learning factor of 80% assumed for the SPS-
ALPHA concept is therefore roughly in line with the industry
(Mankins, 2017).

One recent example of strong learning curves as a result
of mass-manufacturing modular space vehicles is the solar-
powered Starlink system by SpaceX. The company has com-
municated a per satellite cost for its 4,400-strong initial LEO
constellation of well below $ 500,000 at a weight of 275 kg
(Mankins, 2021). Calculating an upper bound for specific
cost, this results in about 1,800 $/kg, only a fraction of the
roughly 300,000 $/kg for standard early satellite types. Most
concepts plan to bring hardware costs even lower, with SPS-
ALPHA aiming for less than 1,000 $/kg. Regarding manufac-
turing speed, SpaceX manages to produce about 120 satel-
lites or 33 t per month. This compares to a weight of 2,000
t and a planned construction time, including in-space assem-
bly, for even the lightest SBSP concept of only two years (Way
& Lamyman, 2021a).

The difficulty with such modular mass-manufacturing is
that it still needs to adhere to high quality and precision stan-
dards. Particularly with the RF transmit and receiver ele-
ments, uniformity directly translates into system efficiency.
For instance, rectenna panels need to show equal DC outputs
across all elements to maximise efficiency (Shinohara & Mat-
sumoto, 1998). Furthermore, there is a trade-off between
additive manufacturing techniques that could be employed
to produce flexible integrated PV and RF sandwich sheets
and modular approaches where PV and RF surfaces can still
be separated for easier maintenance (Borgue, Panarotto, &
Isaksson, 2019).

Related to this, modularisation also proposes great ben-
efits during assembly, scaling up of pilot systems, and main-
tenance. Given the reliance by all selected concepts on au-
tonomous robotic in-space assembly, having large numbers of
identical parts makes this task much easier and allows mod-
ules to be added or replaced with relative ease within the
overall system constraints. For this purpose, SPS-ALPHA is
planning to utilise hexagonal shapes as a common geome-
try among most of its components (Mankins, 2021). This
includes frames, tiles, reflectors and trusses.

Nonetheless, the robots required for such an assembly
are arguably also one of the least developed technologies re-
lated to SBSP Given the relevance of such capabilities across
the entire space sector, the European Commission has spon-
sored the MOdular Spacecraft Assembly and Reconfigura-
tion (MOSAR) project to support the development of an au-
tonomous in-space assembly system. After first designs for
walking robots have been developed where the two extrem-
ities act as legs and arms in an alternating fashion, testing
under space conditions is now ongoing (Letier et al., 2019).

Regarding the environmental impact, current assess-
ments show that about 85% of the life cycle impact of a
satellite comes from the production of the spacecraft, the
launcher, and propellants (Wilson, 2019). Consequently,
the technologies and components employed should also be
selected for their total impact, including environmental as-
pects. For instance, there is a large spread in related emis-

sions for different PV technologies discussed in section 2.2.
While relatively standard silicone cells tend to have some of
the highest resulting emissions, the metrics for newer tech-
nologies can vary strongly (Ludin et al., 2018). Pervoskite
cells, which we have established as a desirable technology
option in chapter 2, can result in anything from 50 to 500
g COyq/kWh. This reflects their comparatively low techno-
logical maturity and unstable operational lifetime. On the
other hand, quantum dot cells display very low emissions
at up to 5 g COyq/kWh. In concert with other technologies
such as nanowires, quantum dots also offer the possibility
of reducing embedded emissions further by eliminating the
cover glass. Overall, system emissions for SBSP have been
estimated to go as low as 20 g COZeq/kWh (URSI, 2007).

For the end of life, most concepts plan to transfer the
satellite into a graveyard orbit as deconstruction would be
prohibitively expensive (e.g. Way & Lamyman, 2021a). The
exact impacts of moving such a large structure to a graveyard
orbit where many other decommissioned satellites can also
be found has yet to be determined. Potential collisions could
aggravate any of the debris-related issues already present to-
day and create problems for other satellites that are still in
service as well as future launches.

Regarding energy payback times, studies in the early
2000s have suggested that these are very competitive com-
pared to terrestrial solar and wind. If only 0.5 GW of SBSP
were to be installed, the energy breakeven point including
manufacturing would be reached after two years (Summerer
& Ongaro, 2005). As the capacity of the system is increased,
this quickly falls to below six months, about half as much
as other terrestrial renewable technologies. The energy re-
quired for transporting the components into orbit plays a
significant role in these calculations and is therefore further
discussed in the following section.

4.3. Space launch infrastructure

The launch of the components for the space vehicle con-
stitutes a critical step and simultaneously a potential bottle-
neck for SBSP development. Space launches and the deploy-
ment of any asset into orbit have always been a complex and
until recently very costly endeavour. Historically, only some
of the world’s most ambitious and wealthy countries had ac-
cess to space through government-funded projects. However,
over the last decade, closer involvement of the private sector
has upended the launch market and fundamentally shifted
these dynamics. Today, there is a multitude of commercial
players around the globe which are offering or currently de-
veloping launch services for different applications. We begin
by analysing these changes from a cost and capacity perspec-
tive and follow up by some environmental and energy con-
siderations.

4.3.1. Developments in the launch market

The advent of reusable rocket boosters fuelled by NASA's
approach to sponsor commercial competition in the launch
market has led to a steep decrease in specific launch costs
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(Jones, 2018). In figure 12, we have visualised these dynam-
ics by launch vehicle weight class. While no universal defini-
tion for these buckets exist, light-lift vehicles correspond to a
maximum payload of 2,000 kg to LEO, medium-lift reaches
up to 20,000 kg capacity, and heavy-lift vehicles are anything
above that (Roberts, 2020). Specific launch costs are then
calculated using the mission cost, including all direct and in-
direct positions, and the maximum payload mass, assuming
the rocket is fully expendable and not reused. A configura-
tion for reuse limits the payload mass as additional fuel has to
be loaded for the booster to navigate back to earth. Further-
more, it should be noted that for satellites that have their own
propulsion system, their mass does not equal launch mass as
in-space propellant has to be added.

Looking at the specific launch costs to LEO in figure 12,
we can see that the decline is particularly pronounced with
medium- and heavy-lift vehicles. One factor in this dynamic
is SpaceX. Its Falcon 9 rocket at 2,600 $/kg and Falcon Heavy
at 1,500 $/kg are far ahead in terms of price competitiveness
compared to any of the other vehicles in operation.

However, launching to geostationary transfer orbit (GTO)
instead of LEO as would be required for SBSP changes the
equation to some degree. GTO is a transitory orbit that allows
the payload to attain GEO with the help of its own on-board
propulsion. Consequently, the price per kilogram payload in-
creases. The extent of this change can be shown with some
examples. The mission cost for SpaceX’s Falcon 9 lies at $62M
(SpaceX, 2022). If GTO is targeted instead of LEO, payload
capacity decreases by a factor of nearly three from 22,800
kg to 8,300 kg. As this assumes a fully expendable rocket, a
mission centred around reuse will bring that number down to
5,500 kg. This would result in specific launch costs of 7,500
$/kg and 11,300 $/kg, respectively. The price increase is
even more pronounced with the Falcon Heavy. At $97mio per
launch, capacity roughly halves from LEO to GTO to 26,700
kg and mass-specific cost more than doubles to 3,600 $/kg.
As the Falcon Heavy configuration includes multiple boosters,
having all of them return to earth after depositing the pay-
load lowers these values significantly to a capacity of 8,000
kg at 12,100 $/kg.

In conclusion, GTO commands a price premium by a fac-
tor of about two to three above standard launches to LEO,
even without reuse. Only looking at launch costs to LEO
can therefore be misleading when evaluating the cost perfor-
mance of SBSP launch infrastructure. Nonetheless, the cost
to GTO employing an expendable Falcon Heavy would be be-
low the expectation of 5,000 $/kg by some concepts, such
CASSIOPeiA (Cash, 2019).

For the near future, a variety of actors are developing new
launch systems which are expected to bring GTO costs down
even further. Jeff Bezos’ company Blue Origin is looking to
transport up to 13,000 kg to GTO (Blue Origin, 2022). To
achieve the 5,000 $/kg level, mission costs would have to
stay below $70M, which is a reasonable level compared to
other vehicles. A joint venture by the defence contractors
and aerospace companies Boeing and Lockheed Martin called
the United Launch Alliance is also planning to fly its Vulcan

rocket for the first time next year (Clark, 2015). The cost
target of $100M per mission and a capacity of 13,000 kg to
GTO would result in specific costs of about 7,600$/kg.

In comparison, SpaceX’s Starship, which has already un-
dergone first flight tests, could drastically undershoot these
price levels. Aiming for mission costs of $10M (Roulette,
2022), a 21,000-kg capacity to GTO would result in only
about 500 $/kg, a significant decrease from current levels
(SpaceX, 2020). Should additional propellant for the launch
system be parked in orbit in advance to decrease the amount
required on board during launch, an additional decline by a
factor of five would be possible as payload capacity to GTO
increases to 100 t. NASA also has its Space Launch System
in the pipeline, but further specifications have yet to be com-
municated.

All these new systems would greatly increase the overall
capacity of the launch market. Over the last decade, 2,604
t of satellites have been launched into orbit (Euroconsult,
2021). For the next decade, this number is expected to more
than double. Nonetheless, more than 550 t per year of to-
tal mass launched would compare poorly to what is required
to make an entire SBSP system operational. Even if all this
capacity were to be used only for the 2,000-t heavy CAS-
SIOPeiA system, it would take four years just to transfer all
components into space. For the heaviest concept, MR-SPS,
this number would rise to 20. Therefore, launch capacity for
now appears to be a serious bottleneck outside the economic
considerations for the system.

Furthermore, the lack of common launch or payload in-
terfaces between rockets complicates stowage and load plan-
ning, even if all launch systems were available (O’Quinn &
Jones, 2022). Despite adaptations towards the commerciali-
sation of satellites, the launch process remains fairly inflexi-
ble with periods from booking to actual lift-off reaching two
years or more and exact mass properties being required up
to 8 months in advance (SpaceX, 2021). With such long lead
times and none of the concepts even in the process of man-
ufacturing a prototype yet, the risk remains that launch ca-
pacity will be tied up by other projects for the foreseeable
future.

In order to utilize the increased payload capacity of
launches to LEO and to minimize the need for in-space
propellant on board the satellite when transferring to GEO,
William Brown has also come up with a concept called Trans-
portronics (Brown, 1992). In essence, the concept would
make use of a narrow microwave beam on earth powered
by terrestrial renewable energy to fuel a transport device.
This transport device would then be able to move satellites
from LEO to GEO at low cost, coupled with unprecedented
speed for an electronic launch system, and eliminate the
need for more costly direct launches to GTO. In the initial
study, a system scale up to transfer up to 60,000 t per year
was considered as feasible. However, little has come of the
idea since.

With the increase of commercial activity in space, a gen-
eral trend towards smaller and cube satellites has also been
observable (O’Quinn & Jones, 2022). This is further reflected
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Figure 12: Development of mass-specific launch costs to LEO for different launch vehicle classes with trend lines, measured
in 2021 dollars. Own analysis based on data from the Center for Strategic and International Studies (Roberts, 2020)

by the fact that while launched mass is set to double over the
next decade, the actual number of satellites put into orbit
will more than quadruple (Euroconsult, 2021). As a result,
many launch providers are also specializing in smaller satel-
lites, contrary to what a SBSP space vehicle would require.
Therefore, modularity is also critical to make SBSP compati-
ble with as many launch systems as possible.

4.3.2. Environmental and energy payback considerations

The environmental impact of rocket launches strongly
correlates with the type of fuel that is used. In the past,
solid fuels were the dominant variant (Dallas, Raval, Gai-
tan, Saydam, & Dempster, 2020). However, due to their
ozone-depleting and toxic characteristics, which were partic-
ularly observable in Kazakhstan as the former base for Soviet
launches, the launch market is moving to alternatives. Look-
ing forward, liquid hydrogen (LH2) and oxygen (LOx) as
well as kerosene are likely to become more dominant. While
LOx/LH2 fuels are difficult to handle due to the temperatures
required, they provide great energy output and only result in
water vapour when burnt.

Nonetheless, the entire SBSP system and the launch in-
frastructure in particular will require a full life cycle analysis
(LCA). First analyses based on a framework developed for
space missions by Wilson (2019) show that the most signif-
icant environmental impacts of space launches include cli-
mate impacts, toxicity, acidification, and debris. In particu-
lar, the potential to cause ozone depletion, freshwater aquatic
ecotoxicity, and air acidification are the prominent three ef-
fects. Based on the numbers compiled by Wilson (2019)
for 2018, the emissions impact of a single space mission is
more than 1,000 times greater than that of the average global
flight. Given the expected expansion in the sector, close at-
tention will therefore have to be paid to these environmental
effects and options that minimise negative externalities. For
instance, LOx/LH2 fuels where the hydrogen is generated via
green electricity promise to be one of those sustainable alter-
natives.

The fact that hydrogen can be produced via electrolyses
also offers the potential for SBSP to recoup the fuel that was

used to put the system into space directly. It roughly takes 32
kWh in propellant to move one kilogram from the earth’s sur-
face to GEO (Mankins, 2017). Based on that metric, it would
take CASSIOPeiA just over one day, SPS-ALPHA five days, and
MR-SPS one and a half weeks to generate the same amount of
energy that was used in the form of fuel. If the systems were
to produce their own LH2-based propellant, for instance dur-
ing times where terrestrial solar and wind on their own are
sufficient, we would also have to account for the energy lost
during conversion steps and required for liquefaction. Con-
sequently, the payback time would increase to about three
weeks for CASSIOpeiA, three months for SPS-ALPHA, and
half a year for the comparatively heavy MR-SPS. A summary
of these energy payback times is also provided in table 4.

4.4. Conclusion

Overall, a modular approach to any SBSP concept will
be critical to enable economies of scale during manufactur-
ing, compatibility with as many launch systems as possible
given the recent trend towards smaller satellites, and ease of
assembly as well as maintenance. The Starlink project has
successfully shown that manufacturing at comparatively low
mass-specific cost is possible already. While the amount of
Starlink modules only number in the low thousands, SBSP
concepts would far surpass that amount, potentially unlock-
ing greater learning curves.

The continuous decline in launch costs driven by the com-
mercialisation of the launch market also promises to further
enhance the economics of SBSP Based on some of the vari-
ance analysis for LCOE in the literature (e.g. Way & Lamy-
man, 2021a), launch costs are even a particularly strong
lever. However, our analysis suggests that total payload ca-
pacity will lag behind what would likely be required to trans-
fer an entire SBSP system to space for the foreseeable future.
Upcoming heavy-lift vehicles such as Vulcan, Starship, and
SLS might be able to alleviate this bottleneck to some degree.
Nonetheless, their exact market entry is as of yet unknown.
Additionally, the long lead times in the market could make
it difficult to achieve any meaningful presence in orbit over
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Table 4: The amount of time it would take for different SBSP concepts to feed the amount of energy required to put them
into space back into the grid. The first number is a simplified comparison, only considering the energy content of the fuel
used for a launch to GEO. The second number also accounts for all conversion steps necessary to produce green LH2, using
the electricity generated by SBSP Own analysis based on data from Cash (2021a) and Mankins (2017).

Energy content of fuel needed for
launch to GEO

Energy payback time [days]

Energy needed to produce green LH2
propellant for launch to GEO

2 SPS-ALPHA 5.0 91.7
S CASSIOPeiA 1.3 23.0
=]

O  MR-SPS 13.3 242.4

the next couple of years. Therefore, the commonly in the lit-
erature observable singular focus on launch costs might be
misguided as the true constraint potentially lies in the avail-
ability of payload space.

Environmentally and from an energy perspective, the lit-
erature suggests that SBSP at scale has shorter energy pay-
back times than conventional renewables at relatively low
emissions. Furthermore, a shift towards more sustainable
rocket fuels could help lower emissions by using green en-
ergy to produce the liquid hydrogen utilized by the launch
vehicles. Nonetheless, given the majority of impacts arise
during the manufacturing process of the mission, particular
focus will have to be placed on using sustainable materials
and processes. So far, it seems that some of the technologies
introduced in section 2.2 such as quantum dots could meet
this requirement. At the end, a holistic LCA will be neces-
sary to fully understand all the impacts of SBSP. Particularly
Wilson (2019) has developed a framework that could be ap-
plicable to such an analysis of SBSP.

5. Summary and outlook

SBSP combines two of the most dynamic industries of our
time: renewable energy and space. It is unique in its poten-
tial ability to offer flexible renewable baseload power that is
dispatchable on a semi-global scale. Such capabilities would
constitute a crucial step in securing energy security for the
electrification of our economy. There are already a number
of concepts that have been far advanced in their planning
stages, often with direct government involvement and sup-
port. Nonetheless, none of them have produced a full-system
prototype yet.

For our analysis, we have divided the general SBSP model
into three segments: the space segment, wireless power
transmission (WPT) and ground structures, and manufac-
turing and infrastructure. Based on the metrics defined for
each of those, we have seen that some factors remain which
are still holding SBSP back from becoming a reality. When it
comes to solving these issues, we are often faced with trade-
offs between different system parameters. The right solution
will ultimately have to be found through prototyping and
demonstrations, which should be the priority for any SBSP
design going forward.

One of the biggest levers to improve the economics of the
space segment are weight and power. Hence, mass-specific
power and aerial density were identified as crucial determi-
nants of space segment performance. Out of the three in-
vestigated concepts, CASSIOPeiA achieved the highest mass-
specific power by a notable margin at 1.51 W/g. These re-
sults indicate that the consequent use of sandwich modules
and boosting of PV power through solar concentration are
essential in achieving competitive performance levels. This
was particularly evident with the Chinese MR-SPS concept,
where the lack of PV and RF surface integration as well as
non-existent solar concentration led to some of the poorest
results at 0.16 W/g. However, SPS-ALPHA also shows that
sandwich modules as well as any reflector arrays and struc-
tures have to be lightweight so their benefits are not neu-
tralised by the additional mass.

Still, even for CASSIOPeiA there appears to be room
for improvement. We have been able to identify a number
of technology alternatives that promise to reduce weight,
improve power levels, and enhance inherent radiation re-
sistance. Some approaches could even deliver multiple of
these benefits at once. For instance, LSCs bear the potential
to increase PV cell performance while maintaining a flat-
plate tile geometry and even boosting radiation resistance.
Nanowires could complement any design to drastically re-
duce radiation damage and increase the useful lifespan of
the space segment while eliminating the cover glass. Making
such protective but weighty components redundant could
boost mass-specific power by a factor of nearly three. Lastly,
pervoskite as a cell material has the potential for significant
synergies with the aforementioned technologies, based on
its self-healing properties and exceptionally high power out-
put. However, uncertainties regarding the efficiency levels of
all three of these alternatives, particularly when under high
thermal stress, will have to be addressed before they can be
fully implemented. Nonetheless, even based on their current
performance levels they appear competitive, suggesting that
foregoing some efficiency to significantly reduce mass might
be an approach worth pursuing.

On the other hand, not all investigated options appear
to work for SBSP systems. Despite having by far the high-
est mass-specific power at more than 2 W/g, integrated
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parabolic mirrors appear to be an infeasible solution as they
are difficult to mass-manufacture and notably constrain satel-
lite architecture. But even with the flat-plate module design
maintained, the challenge of achieving a continuous duty
cycle remains. Our two proposed solutions of dual-sided
sandwich modules for planar arrays or L-shaped modules
for helical arrays both come with inherent trade-offs. While
the former results in an increase in complexity, weight, and
hence cost, the latter requires heavy reflector structures and
has limited scalability. Ultimately, both designs might be vi-
able within the right setting. However, planar arrays would
still require extensive attitude control and adjustment ma-
neuvers, even when employing dual-sided tiles.

For the transmission segment of the system, efficiencies
are a key determinant of subsystem performance as they dic-
tate the amount of energy that can ultimately be fed into the
grid. Given the need for atmospheric and weather penetra-
tion as well as scalability, microwaves appear to be the modal-
ity of choice, beating out lasers, who particularly struggle
when it comes to those two characteristics. We have shown
that there is an extensive history of successful MPT demon-
strations, achieving and even surpassing the link efficiencies
of above 50% targeted by today’s most advanced concepts,
such as CASSIOPeiA or SPS-ALPHA. The prevailing notion
based on far-field assumptions that MPT cannot achieve the
performance levels necessary for SBSP therefore appears to
be unfounded.

Nonetheless, the distances across which power has been
beamed and the corresponding scale of transmit and re-
ceiver apertures still lags behind what would be required
for a space-to-earth system. This raises the questions of
whether the success of terrestrial demonstrations will ulti-
mately be transferable to the space environment. Ongoing
and upcoming WPT experiments should help in overcoming
these uncertainties, as the technology enjoys considerable
momentum due to its applicability outside of SBSP

The biggest remaining complication appears to be the
question of spectrum management. With no regulatory def-
inition of WPT and hence no internationally allocated band-
widths, there is no common frequency around which systems
could be optimised and advanced. As a result, each actor
is left to define their own standards. Japan, a notable con-
tributor when it comes to starting the necessary processes at
the ITU, should therefore be supported in its efforts by other
countries to the benefit of everyone pursuing this technology.

Lastly, we analysed the manufacture and infrastructure
subsystem with a particular focus on the launch market.
For the construction of the satellite and ground structure,
economies of scale through modularisation appear crucial to
unlock cost benefits. The example of Starlink has shown how
far-reaching these advantages can be. Nonetheless, while a
first analysis suggests energy payback times and environmen-
tal impacts from the manufacturing process are manageable,
in-depth environmental studies and LCAs are required to
ensure the overall sustainability of the technology. Further-
more, many approaches to SBSP rely on autonomous robotic
assembly and maintenance once in space. However, this

technology is as of yet untested in a practical setting, despite
being so crucial to the success of these concepts.

When examining the transfer from earth to orbit, launch
costs are often cited in the literature as a primary concern and
obstacle for the realisation of an economically viable SBSP
system. Fortunately, the commercialisation of the launch
market over the last decade has brought prices down by or-
ders of magnitude while capacities are still expanding, en-
hancing SBSP economics in turn. Furthermore, greener fuel
alternatives such as propellants based on LOx/LH2 offer the
possibility of significantly reducing some of the environmen-
tal issues that have raised concerns about rocket launches in
the past.

Nonetheless, it appears questionable whether the 550 t
of planned total yearly launch capacity over the next decade
will be enough. Given that most of that capacity would not
be available on an exclusive basis, even the lightest con-
cept CASSIOPeiA could arguably not be transferred into or-
bit within a reasonable timeframe. Additionally, the long
lead times for launch missions plus a lack of common pay-
load interfaces make it very difficult to flexibly spread out
space transfer operations across multiple different lift vehi-
cles. The recent trend towards smaller satellites, which is
also reflected in the reduced payload capacities of many up-
coming new launch systems, further underlines the need for a
modular approach to ensure compatibility with these small-
scale lift vehicles. Consequently, our analysis suggests that
launch capacity rather than cost might be the determining
aspect concerning the operationality of SBSP. A reduction in
mass would then not only be a matter of economics but might
be the factor that would render such a project possible in the
first place.

In conclusion, we were able to identify a number of tech-
nology alternatives that have the potential of improving crit-
ical subsystem metrics to ultimately enhance SBSP system
economics. These could lead to SBSP being an overall com-
petitive renewable energy alternative to drive wide-spread
electrification of industries. The exact magnitude of these
economic benefits will have to be confirmed through ded-
icated LCOE studies. Furthermore, our analysis based on
past demonstrations suggests that WPT is already at a stage
where, if scaled up, could deliver the required transmission
capabilities. However, the launch infrastructure appears to
be the critical bottleneck that could prevent any SBSP sys-
tem from advancing past the planning stage in the foresee-
able future. If these capacity constraints are not addressed,
the future of SBSP will likely remain uncertain.
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