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Abstract

Human exploration of the lunar surface has large power requirements for both the lunar base and for rover
exploration. NASA’s recent contract awards indicate a reliance on fission surface power. While nuclear options provide
reliable power to lunar base locations, they have a limited reach that restricts exploration capacity. The Space Explo-
ration Vehicle’s 125-mile range only allows coverage of 0.34% of the lunar surface. A constellation of space-based
solar power (SBSP) satellites paired with pressurized rovers allows 24-hour, full-surface coverage on excursions from
the lunar base. Instead of narrowing exploration and science capabilities to the area around the base, preliminary anal-
ysis indicates the ability to extend a surface campaign’s capabilities to full-surface coverage with 30 satellites in a 3
plane Walker-Delta Constellation with 54.7° inclination. This also provides dissimilar redundancy in the lunar surface
power supply to add robustness to the overall mission architecture by providing an alternative method of powering the
life support and critical power needs of the habitat in an emergency. A case study of constellation design, cost, lifetime,
and power provided is conducted. In this study, we evaluate the impact of the additional exploration capacity on the
MARTEMIS mission concept, which was named Best in Theme in the 2024 NASA RASC-AL design competition.
MARTEMIS includes a campaign of 13 manned surface missions intended to evaluate architectural decisions and crit-
ical technologies for future Mars missions. Throughout the campaign, 148 astronauts will visit the lunar surface and
conduct 332 EVAs. This campaign has the potential to significantly advance NASA’s lunar science objectives while
demonstrating Moon to Mars operations and technologies. A 125-mile EVA radius from a South Pole base reaches
up to 8 of the 48 lunar geologic units; lunar science objectives target widespread sampling across all geologic units.
The proposed SBSP constellation spreads the 332 EVAs across the areas of scientific interest instead of constraining
exploration to the landing site. It has the additional benefit of increased operational safety and robustness in emergency
scenarios. Addition of a SBSP constellation for rovers provides operational flexibility, safety, and robustness to enable
multiple lunar exploration architectures beyond that enabled by surface power infrastructures.

1. Introduction * terrain-independent power production

Maintaining human habitation and exploration on a
planetary surface requires large power inputs, with pro- * overcoming the reduced productivity of solar power
jected power demand for a 4-person crew on the lunar at Mars distances from the Sun.

surface peaking at 100 kWe [|l]. With NASA’s Moon to
Mars Objectives, nuclear fission power has been priori-
tized as the main energy source to meet this demand [2,
3]. NASA’s Artemis program includes development of a
40 kWe reactor[d], and larger fission power reactors are
in development for Earth use[, 6]. Fission power meets
several key requirements for human exploration of Mars,
including:

The comparison between fission power and surface so-
lar power has been well documented [[7, §], particularly
for architectures on Mars or using the Moon as a testbed
to develop technology for Mars. However, space-based
solar power (SBSP) provides an attractive alternative that
has only begun to be explored[9], particularly as an option
in lunar architectures.

Here, we explore the inclusion of SBSP alongside sur-
* reliable, weather-independent power production face fission power to provide dissimilar redundancy and
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operational robustness in large-scale human lunar explo-
ration architectures. The current architectural decision to
rely on fission power presents a single point of failure; a
catastrophic event in the fission power production system
could result in a critical failure where the habitats, life sup-
port systems, and critical crew functionalities are left with
no power.

Ensuring both system-level reliability and operational
robustness in power systems relies on introducing dissim-
ilar redundancy. This can be achieved by using a combi-
nation of fission surface power and SBSP. Fission surface
power meets the needs of powering a lunar base, in that the
power supply system and infrastructure can be well estab-
lished at a permanent location near the base without con-
straining site selection. SBSP can enhance safety by ensur-
ing additional power generation capacity to accommodate
overflow or unexpected surges in the lunar base’s power
demand. Together these systems ensure architecture-level
operational robustness that includes an ability to maintain
operational performance after a single failure[[10].

SBSP also allows prioritization of widespread lunar ex-
ploration that is otherwise constrained by the localized in-
frastructure associated with fission or other surface power
alternatives. In addition to exploring the SBSP tradespace
for operational robustness of the lunar habitat, we present
a constellation design that targets full lunar surface cov-
erage to enhance the exploration and science capabilities
towards a future permanent lunar presence, with the abil-
ity to accommodate evolving EVA requirements.

2. MARTEMIS Overview

The multi-mission MARTEMIS campaign, presented
in more detail in [[11f], provides the case study for the
SBSP constellation and analysis conducted here. The
MARTEMIS concept won Best in Theme at the 2024
NASA Revolutionary Aero-Space Concepts Academic
Linkage (RASC-AL) competition. A recommended cam-
paign architecture of 13 missions with a total of 154 crew
(labeled 13-154) was selected through a trade study of 23
alternative architectures with varying crew size, surface
time, transit time, and margin parameters. An overview of
the surface campaign can be seen in Figure |I] This archi-
tecture balances the estimated lifecycle cost with metrics
for the elimination of knowledge gaps, the degree of in-
ternational participation, crew time available for science,
and commercial alignment. Standard Taguchi Orthogonal
Arrays [|12] were used to optimize the 13-154 campaign ar-
chitecture for efficient knowledge gap closure within the
available surface time. This method indicates that of the
13 missions, 10 are required to inform architectural deci-
sions for a Mars mission (termed the "MARTEMIS prime”
missions). The remaining 3 are missions of opportunity
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for additional testing beyond the crew size, surface and
transit time, and margin variables, at minimal additional
lifecycle cost.

MARTEMIS consists of a full mission architecture, in-
cluding designs for surface habitats, rovers, and support-
ing infrastructure; it also sets forth a framework for the sur-
face science experiments to be conducted in accordance
with the NASA Moon to Mars objectives and the stated
goals of international partners [2]. Notably, the selected
power production methods include a combination of sur-
face fission power and SBSP to provide operational robust-
ness through dissimilar redundancy, as well as enhance
the exploration capabilities of the campaign. Here, we ex-
plore the addition of SBSP in detail, with an emphasis on
meeting NASA’s lunar exploration targets through the ex-
tended EVA range.

2.1 EVA Allocations
MARTEMIS distinguishes two categories of EVAs:

1. Short EVAs last less than 6 hours and are located no
more than 10 km away from the base, and can be
reached on foot or via rover.

2. Long EVAs can last up to 30 days and explore sites
up to 1000 km away from the base (as calculated in
Section @). During these EVAs, the habitable rover
provides the astronauts a pressurized habitat in which
to sleep, to rest, and to eat without suits.

EVA planning is calculated using the following prin-
ciples, driven by crew safety and science return require-
ments for the MARTEMIS campaign:

1. Each long EVA lasts a maximum of one month and
requires 2 rovers with 2 crew members each.

2. The crew participating in long EVAs rotate each
month, allowing for recovery time.

3. Each short EVA lasts a maximum of 1 work day and
can occur once per week.

4. Multiple EVAs can occur simultaneously.

5. 2 or more crew members remain at the base habitat.

6. Because of the greater science return of long EVAs,
these are calculated first. The remaining time is as-

signed to short EVAs.

These principles give the following equations to allocate
EVA time:
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Fig. 1. MARTEMIS 13-154 campaign Concept of Operations, reproduced with permission of the authors from [[11].
The order of missions is designed to minimize total campaign time while optimizing habitat occupancy. The
MARTEMIS prime missions (1-10) are prioritized in the schedule to adhere to NASA’s target dates for a manned

Mars mission.

#
LongOEfVAs = [1]

#of —
ShortEV As — [2]

[%x Lgﬂ,c-go

where M denotes the surface stay duration in months
and C is the crew size. Note that the symbol |z ] denotes
rounding down to the nearest integer, while [x] indicates
rounding up to the nearest integer.

For a 12 person crew, for example, four people can
conduct a long EVA at once, with remaining crew eligi-
ble for the next EVA. The length of each short and long
EVA within the upper bounds described here depends on
the complexity of scientific tasks to be performed, suiting
time, and depressurization time. Calculated EVA num-
bers for the representative 13_154 campaign are shown in
Table , tallying 332 long and 124 short EVAs over 109
months of surface mission duration.
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2.2 Science Targets on EVA

EVA allocations are dependent on the crew size and
mission duration per Eqn. and E The number of EVAs
set to be conducted in a mission therefore remains con-
stant with introduction of SBSP. However, the exploration
plan can change drastically within the EVAs by introduc-
ing SBSP due to changes in rover range. Assuming a
set 30-day rover habitability window, the expected EVA
range can be calculated using both SBSP and base surface
power.

For a long EVA, the sites visited are divided into high
and low workload sites. At low workload sites, samples
can quickly be gathered, or a site can rapidly be evaluated.
High workload sites, on the other hand, require intensive
physical preparation to collect samples, such as those in-
side of craters. Low workload sites may require EVAs of
up to 6 hours, while high workload sites require up to 12
hours. In 30 days with 8 hours of sleep per day, the as-
tronauts have 480 working hours. After subtracting EVA
time based on Equations% and Iﬂ the remaining time al-
lows for a driving speed averaging 5 km/h towards the final
destination. Although the actual driving speed of the rover
may exceed 14 km/h [[13], time is allocated for stopping,
pathfinding, navigating rough terrain, and hazard avoid-
ance.

With SBSP, this gives a maximum exploration radius
of 1000 km. For any destination at a radius of 1000 km
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Mission # # of Crew Surface Stay (Months) | # of Short EVAs | # of Long EVAs

1 4 (2 on surface) 1 0 1
2 6 3 0 3
3 18 15 0 60
4 18 1 0 4
5 6 15 0 15
6 6 1 0 1
7 12 1 2
8 12 86 6
9 12 15 30 30
10 12 3 6 6
11 18 3 0 12
12 18 24 0 96
13 18 24 0 96

Total: 160 109 124 332

Table 1. The total number of EVAs to be completed for each mission in the 13_154 reference architecture, calculated

using Eqn. |If and E [IL1].

from the MARTEMIS South Pole base habitat, the crew
will encounter an average of six different of geologic re-
gions (low workload sites) and three craters (high work-
load sites). With standard surface power at the base loca-
tion, though, rovers are predicted to reach 25 km before
requiring a return to base for charging [I14], with a max-
imum range predicted at 125 km [[L5]; this significantly
limits the exploration capacity of the mission. With SBSP,
the EVA range increase comes with increased science ca-
pacity; the 125 km range provides access to 8 of 48 lunar
geologic units, while 1000 km reaches 26 [[16]. For a large
architecture like MARTEMIS with hundreds of EVA op-
portunities, this drives the need for SBSP as a science- and
exploration-enabling technology.

3. Constellation Design
3.1 Key SBSP Requirements

MARTEMIS targets an energy architecture with sys-
tem redundancy, autonomous operation, and long service
intervals [[11]]. SBSP is a component of this energy ar-
chitecture; it provides critical system redundancy, com-
plementary to the surface power generation infrastructure.
It also enhances the ability to meet surface exploration
objectives designated by MARTEMIS. The SBSP archi-
tecture therefore must provide full-surface lunar coverage
with the ability to provide backup power to the habitats
and charge rovers quickly.

3.2 Orbital Geometry Selection

The minimum number of satellites needed for full cov-
erage per orbital plane assuming a circular orbit, or Sy,
is given by [[17]:
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™
Smin — ’Vcos—l (le’llt>-‘ [3]

where R; is the lunar radius and R,,; is the radius of
the satellite’s orbit with respect to the center of the moon,
or R,,; = R;+ altitude. We want to look at scenarios
using discrete numbers of satellites to evaluate the SBSP
tradespace with regards to system cost and requirements
met; rewriting this equation as an inequality allows us to
solve for R4 with given S,,,;,, values. The inequality

s
Smin - S Smln 4
cos—l(%) 4]

1<

when solved for R,; gives

R sec( < Rsat < Ry sec( [5]

5 1) o)

Calculations for Ry, with S,,;, ranging from 1-30
were completed, constraining the allowable semimajor
axis a within upper and lower limits to enable full surface
coverage. Results are shown in Table B

Lunar orbit selection must also account for lunar mass
concentrations (mascons); these are gravitational anoma-
lies that produce orbital perturbations particularly at low
lunar orbits [[18]. There are several stable ”frozen” orbits
which do not require orbital corrections due to mascons
[19]. Results in Table E were compared to these frozen
orbits. We select a frozen circular orbit with inclination
of 54°, true anomaly w of 90°, and a of 1861 km; this fits
within the calculated limits of a for 9 or greater satellites
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Satellites per Plane | a, Upper Limit (km) | a, Lower Limit (km)
1 -3228.431 -1740.002
2 2066.751 2185032.822
3 1741.896 3476.804
4 1781.005 2459.752
5 1867.750 2150.261
6 1958.292 2008.871
7 2042.788 1931.043
8 2119.166 1883.207
9 2187.549 1851.550
10 2248.684 1829.450
11 2303.442 1813.381
12 2352.651 1801.317
13 2397.041 1792.020
14 2437.244 1784.701
15 2473.799 1778.832

Table 2. Calculated orbital parameters for a given S,,,;,,. Constellations using an S,,,;,, of 6 or less result in an a upper
limit that is lower than the lower limit; as such, the lowest allowed S,,,;,, is 7.

Satelite Constellation lllustrated in Isentropic View

== Plane 1
m=Plane 2
mm=Plane 3

Fig. 2. Isentropic view of the selected constellation.

per orbital plane.

We further propose use of 3 orbital planes in a Walker-
Delta configuration. The 3-plane Walker-Delta constella-
tion with a 54.7° inclination is particularly effective at de-
livering comprehensive coverage around a celestial body
by optimizing satellite visibility across all latitudes, in-
cluding polar regions.

To prioritize system-level robustness, we select a con-
stellation design with 10 satellites per plane such that a
one-out analysis still ensures full operational capability of
the constellation. In other words, 10 satellites per plane in

IAC-24-A.1.2.3

the selected orbit only requires 9 for full surface coverage.
If one satellite fails in any or all of the orbital planes, the
architecture’s operational capacity does not change. This
totals 30 satellites and strategically distributes these satel-
lites across multiple orbital planes, ensuring continuous
communication and observation capabilities.

The constellation and full orbit of all 30 satellites were
simulated using MATLAB R2024a. Figure E illustrates
the constellation in isentropic view. In order to demon-
strate the constellation’s full coverage, a few locations on
the moon were selected: the Apollo landing sites, and the
four outermost proposed Artemis landing sites. Figure
shows the orbital tracks and charging coverage circles with
these representative points of interest on the lunar surface.

3.3 Constellation Lifecycle

MARTEMIS concept of operations includes 9 years
of lunar power system operation, with optional extensions
following infrastructure transition to industry on conclu-
sion of the campaign. Constellation deployment begins in
2030 and crew operations begin in 2034, with all missions
complete in 2039.

The decision to design this constellation for full lunar
surface coverage was made in anticipation of evolving fu-
ture requirements set by industry or NASA missions of op-
portunity, to provide power as we further investigate new
areas of the lunar surface for commercial or scientific pur-
poses. As such, this constellation is intended to persevere
well beyond the 9-year MARTEMIS timeline. End-of-life
operations following industry use are an area for future
analysis.
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Fig. 3. Apollo (a, b) and Artemis (c, d) landing site coverage with the proposed constellation. [b] and [d] illustrate the
satellite coverage when the transmission angle is 40 degrees.

4. Satellite Bus Components

Each satellite in the constellation will be equipped with
a laser for laser power transmission (LPT), a battery to
power the satellite as well as store the power that is be-
ing transmitted, a thermal control system, focusing system,
and solar panels. The main role of this satellite is to uti-
lize LPT to charge rovers on the surface of the moon using
solar power.

4.1 Laser Power Transmission (LPT)

LPT works by converting electrical energy into electro-
magnetic energy for transmission, and then back to elec-
trical energy at the receiver [20]. LPT is selected over mi-
crowave power transmission due to the ability of the laser
to make a very concentrated beam of energy that dissi-
pates less, making it more effective over long distances
[]. While initially more costly, LPT is also more com-
pact with lower mass.

The analysis that follows uses a ytterbium-doped fiber
laser with wavelength = 1064 nm, peak power = 30 kW,
electrical efficiency = 50%, and waist radius = 250 mm,
with a TRL of 3 [21]]. This has strong absorption (at 976
nm) and emission (1030-1100 nm), making it an efficient
medium for converting pump light from laser diodes into
laser light. Fiber lasers are also very scalable; while this
design utilizes one fiber laser, there is opportunity to scale
up for higher orbits or otherwise increased transmission
requirements.

IAC-24-A.1.2.3

(O Battery: 1 lithium battery

% Battery Pair: 2 lithium batteries in parallel

A Module Pair: 2 modules in series

Total: 320 Batteries, 64kg

Fig. 4. Battery system structure as described in [E].

4.2 On-Board Battery

The battery system chosen follows [E] for lunar SBSP.
The battery system is made up of 320 small lithium ion bat-
tery units weighing a total of 64 kg, as shown in Figure }.
In standard operation, the batteries charge via solar panels
while exposed to the sun and discharge when in the cone
of areceiver on the surface; more advanced charge cycling
methods can be applied to extend battery life of the rover,
as discussed in Section p.1|. Additionally, the satellite bat-
tery lifespan is extended by designating the charge state to
remain within 10-90%.

The battery system therefore provides a cell capacity
of 20 Ah, thermal mass 400 J/K, coolant thermal path re-
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sistance 1K/W, ambient thermal path resistance 20 K/W,
voltage 4V and initial charge 0.3 amps. The life span is
10 years with an efficiency of 0.65 when energy is trans-
ferring from solar panels to batteries and an efficiency of
0.85 when energy is transferring from batteries to the laser.
The solar array area must be 26 m? to charge the battery
for LPT and to power the onboard systems [9].

4.3 Thermal Control System

Lasers, especially high-power and precision lasers,
generate significant heat during operation. This can
lead to thermal-induced damage, performance degrada-
tion, and reduced operational lifespan; proper thermal con-
trol system selection is therefore crucial to SBSP design.
We select the oscillating heat pipe method, as itis a TRL 6
technology that minimizes thermal gradients and prevents
hotspots that could damage components [22].

4.4 Pointing and Targeting System

The selected orbital altitude a means that the laser will
not only have to be powerful, but also very accurate. The
fine guidance sensor used on the Hubble telescope has the
ability to point at a target with an accuracy of 0.01 arcsec-
ond, and has the ability to remain pointing at the target
with a drift of 0.007 arcseconds per day. This is selected
with a TRL of 9 [23].

5. Rover Charging Capabilities
5.1 Surface Receivers

In the MARTEMIS architecture, an LPT receiver is
included on the habitat and on each rover. The habitat
receiver remains on nominally for use as a backup or sup-
plemental power supply.

The rover receivers are intended to be turned on when
stationary and off while moving, when possible. This is to
avoid jumps between charging and not charging states as
the rover crosses coverage zones. Once parked at an EVA
site, the receiver is turned on and the rover is recharged via
normal satellite movement over the receiver cone. Opera-
tionally, this works well for EVAs with periodic pauses for
sample collections in order to avoid incurring wait times
for rover charging. For long EVA drives without charg-
ing breaks, a strategic power cycling method is applied
to extend the lifespan of the rover batteries. For example,
a rover is driven until discharged to 20%, and then a re-
ceiver is turned on to charge while driving until reaching
full charge; the receiver is then turned off until stopping
or reaching 20% charge again.

Unlike the wide range of light that can be absorbed
by standard solar panels, LPT receivers are designed to
only absorb the light from the laser used in transmission.
The receiver is a photovoltaic cell and works by matching
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the band gap of the material to the energy of the photon
it is trying to absorb. The better the match, the higher
the conversion efficiency. Commercial advances in this
field have achieved a conversion efficiency of 68.9 + 2.8%
under 858 nm monochromatic light with gallium arsenide
photovoltaic cells at a TRL 2 [24].

5.2 Wireless Power Transmission (WPT)

Zheng et al. concluded that, for our selected constel-
lation, the average power transmitted to each receiver in
a single hour by the entire plane of 10 satellites is 6.45
kW [20]. This means that each satellite that is over a tar-
get location supplies the receiver with 0.2 kW every two
minutes.

6. Power Output

The constellation design was selected to distribute
satellites across multiple orbital planes for global WPT
coverage as described in Section Jj. The coverage at repre-
sentative sites of interest was therefore modeled to evalu-
ate whether this constellation meets the coverage require-
ments. Using MATLAB R2024a Lunar Orbital Propaga-
tion tool, the exact times of when each satellite enters and
leaves the transmission cone of each chosen location were
calculated and used to derive the time required to charge
a rover. Four of the outermost proposed Artemis landing
sites [25] were selected as sites of interest to demonstrate
how this constellation design will power the main habitat
area. To further demonstrate exploration capabilities, four
Apollo landing sites [26] were modeled as well; of note,
the Apollo 16 site demonstrates coverage in the overlap of
all three orbital planes. Appendix @ shows a breakdown
of which satellites in the constellation are over a given lo-
cation in two-minute intervals, over a representative two-
hour time frame. This is used to calculate the power deliv-
ered to a receiver over the span of a complete orbit, shown
in Appendix E Figure B shows the expected power output
per two-hour orbital window at the selected locations.

In the proposed Artemis locations, there will be a sta-
ble power supply of 36-40kW with every two-hour orbital
cycle; this provides emergency power for critical habi-
tat systems, while fully supporting EVA operations in the
habitat area in nominal scenarios. The constellation pro-
vides more than 15 kW/h globally, reaching a minimum
near the lunar equator. These calculations indicate that
it would take no more than 2.5 hours to fully charge the
rovers in all of the representative locations, assuming that
the rover batteries will have similar properties to standard
Earth electric vehicle batteries [27]. This charging period
fits well within the EVA structure outline in Section 2.2, in-
dicating that the constellation design meets MARTEMIS
requirements.
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Percent of Time Spent Over Top of Location

Apollo Location Plane 1 Plane 2 Plane 3 All Planes Overlap? Total Power (kW)

Apollo 11 0.150 0.154 0.000 0.304 no 38.8
Apollo 16 0.048 0.144 0.100 0.281 no 31.400
Apollo 12 0.154 0.000 0.207 0.361 no 39.000
Apollo 17 0.206 0.159 0.000 0,365 no 39.400
Artemis Location Plane 1 Plane 2 Plane 3 All Planes Overlap? Total Power (kW)

Malapert Massif 0.000 0.185 0.185 0.370 yes 40.000
Peak of Shackleton 0.000 0.185 0.185 0.370 yes 40.000
Amundsen Rim 0.000 0.167 0.189 0.356 yes 38.400
de Gerlache-Kocher Massif 0.000 0.185 0.189 0.337 yes 36.800

Fig. 5. Summary of the total power delivered to the representative receiver locations and the percentage of time spent
in the receiver cone over the location, out of each two-hour orbital cycle.

7. Affordability in Large Mission Architectures
The total lifecycle cost C of the MARTEMIS cam-
paign is calculated as follows [28, 29]:

C= (Cassets + Cops + Olaunch) x 1.4 [6]

where 1.4 is a factor added for 10% of mission costs
allocated to education and outreach plus a 30% margin.

The cost for all of the mission assets Cssets, including
surface, orbital, and mobility assets, is defined as:

Cassets = XTj(Dt +UCya) (71

t=1

where T is the number of types of unique technology
developments, D; is the DDT&E cost, U, is the number
of repeat units of an element type ¢, and C is the unit
fabrication cost.

Operational costs, C,ps, are defined as:

Cops = Ns (Ypre + Ysurface)co [8]

where N is the number of operations staff for the ar-
chitecture, Y),,.. is the number of operational years of the
architecture excluding surface operations, Y face is the
number of surface endurance years, and C,, is the average
annual cost per staff member.

Launch costs, Cjqunch, are defined as:

Claunch = CL(Lpre + Lcrew + Lcargo + Lother) [9]

where C, is the average cost per launch, and L.,
Lerews Leargos and Lgpe, is the number of precursor or
pre-mission launches, crew launches, cargo launches, and
all other launches (including tanker/refueling launches),
respectively.
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From these calculations, it can be determined that
adding a single unique asset, in this case an SBSP satel-
lite, has a minimal impact on overall mission cost of large-
scale mission architectures. The MARTEMIS representa-
tive 13_154 architecture’s lifecycle cost was calculated to
be $91B; with anticipated cost-sharing and international
partnerships, the cost to NASA was estimated to be $25B
[11]. A constellation of 30 SBSP satellites adds a sys-
tem cost of approximately $720M following the same cost
model. This adds 0.79% to the total mission campaign
budget.

8. Areas for Future Analysis

In Section B.2, we provide a preliminary orbital anal-
ysis to determine a notional constellation design. More
complex orbital analyses have been conducted to optimize
for lunar navigation mission requirements [30]; these pro-
cedures should be applied to lunar SBSP. For example,
multi-orbit constellations can optimize for full surface cov-
erage with fewer satellites than single-orbit constellations
[B1]]. This could reduce the cost of the SBSP system and
increase its desirability in smaller mission architectures.
Additionally, detailed considerations of other orbital me-
chanics parameters are needed, including the impact of
sun geometry on charge time and the impact of perturba-
tions (such as lunar gravity and solar radiation pressure)
on lifecycle.

Technical aspects of SBSP need further development
for TRL progression. For example, fiber lasers for LPT
provide areas for future optimization; if waveforms are co-
herent, their intensity scales as n2, where n is the number
of fiber lasers. If the waveforms are not coherent, which
may arise due to satellite size constraints, then the inten-
sity scales as Y. n [32]. Advanced laser configurations
such as that given by the tiled-aperture method [32] should
be investigated to determine spacing for maximum inten-
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Metric Without SBSP With SBSP
Emergency Power Supply Fission Power Only | Additional 20 kW/h
EVA Maximum Range 125 km 1000 km
EVA Lunar Surface Coverage 8 geologic units 26 geologic units
Added Lifecycle Cost - 0.79%

Table 3. MARTEMIS mission performance with the addition of SBSP.

sity and efficiency. More work is needed to develop the
surface receiver technology and demonstrate the use of
WPT in exploration.

Adding SBSP infrastructure for lunar exploration
could have important implications in future mission ar-
chitecture selection. Rovers with longer habitability win-
dows (>30 days), or even fully mobile habitats, could be-
come a desirable exploration architecture. The limitation
on surface exploration is 1000 km in MARTEMIS, driven
entirely by the habitability duration of the rover. With
SBSP, we have reliable global power accessibility with
built-in similar redundancy, reducing one risk to mobile
lunar habitat architectures [33]. Trade studies are needed
to evaluate mobile versus fixed base architectures for sci-
ence output.

9. Conclusions

SBSP provides critical system redundancy and en-
ables far-reaching exploration in lunar architectures. For
just a 0.79% increase in MARTEMIS campaign budget,
we achieve up to 20 kW/h of emergency power to the
surface habitat and maintain a global power supply of
over 15 kW/h for rover exploration. Table J summarizes
the key improvements to MARTEMIS mission objectives
achieved through the addition of SBSP. This case study
demonstrates SBSP as a valuable component of large
mission architectures that prioritize long-term habitation,
wide-range surface exploration, or otherwise high-risk hu-
man operations. In reducing risks associated with a single
point-of-failure power system, SBSP provides operational
flexibility, safety, and robustness to lunar exploration ar-
chitectures.
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1. Satellite Locations

Figures E, B, E, E, , @, , and [13 show satellite coverage over representative locations of interest in two-minute
intervals.

Using MATLAB R2024a Lunar Orbital Propagation tool, the exact times of when each satellite enters and leaves
the transmission cone of each chosen location. This data was organized in Google sheets and Tables E - [13 display the
times when various satellites are overhead, both individually by plane and in combinations of multiple planes. Each
table shows exactly what satellite (number and plane) passes over top of the location at a given time. For example, in
Table [, at time 6:50:45, the following satellites are overhead: satellite 1 of plane 1, satellite 10 of plane 1, and satellite
8 of plane 2. A more complex example is in Table I@; at time 6:15:14 the following satellites are overhead: satellite
8 of plane 2, satellite 9 of plane 9, satellite 7 of plane 3 and satellite 8 of plane 3. Since both satellites numbered 8
are overhead at this time, there is a number two in the “all planes satellite” column. Each plane has a designated color
(plane 1 is blue, plane 2 is green, and plane 3 is red).

2. Power Delivery Calculations

Figures , G’ E, , @ , 1§, and [L9 show power delivery to a reciever at a location of interest.

Using the data in Appendix Al and the expected power supply of 0.2 kW per 2 minutes, Tables @ - EI show the
power delivered to each location over the span of two hours. This time span was chosen because a complete orbit of all
planes takes about 2 hours.
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Fig. 10. Artemis: Malapert Massif
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Fig. 11. Artemis: Shackleton
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Fig. 12. Artemis: Amundsen Rim
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Fig. 13. Artemis: de Gerlache-Kocher Massif
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