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The National Aeronautics and Space Administration (NASA) intends to develop and maintain
a human-lunar presence, requiring infrastructure on the Lunar South Pole. To keep pace
with the continued growth in cislunar activity, there is national interest in developing a global
lunar infrastructure network for power and Communication, Position, Navigation, and Timing
(CPNT). Demonstrating autonomous construction capabilities is an infrastructure-enabling
objective. This study explores several architecture trade studies to assess the feasibility of
alternative lunar infrastructure concepts. 50 m towers, for instance, enable solar power
generation up to 99% of a lunar year in addition to acting as wide-range communication and
navigation surface relays. The infrastructure network considered in this study consisted of tower
platforms, utilities hosted on the towers, and both crewed and robotic end users. High-level
trades were analyzed, such as tower height, location, and distributed vs centralized power grids.
Results indicated that even with minimal permanent surface assets (darkness survival power
loads on the order of 5 kW or greater), at any of the five locations considered, taller towers
resulted in lower infrastructure mass than shorter towers; up to 24% system mass savings
were realized by reducing battery mass. Simultaneously, taller towers increased the range of
communication coverage; a 50 m tower on the Connecting Ridge had 5 kg more structure and
76% more line-of-sight coverage to a two-meter-tall end user than a 10 m tower with the same
location and user height. Leveraging a grid of tall towers for nominal power and communication
would not only save up to 2,800 kg in battery mass but would be more maintainable and allow
users to take advantage of generational upgrades.

L. Introduction

In the coming decades, it is anticipated that the burgeoning space economy will require robust lunar surface
infrastructure. The National Aeronautics and Space Administration (NASA) Moon to Mars Objectives include
demonstrating autonomous construction capabilities and developing a lunar surface network of power and Communication,
Position, Navigation, and Timing (CPNT) as stated in the excerpts reproduced in Fig.[I] However, no lunar surface
infrastructure currently exists. Furthermore, state-of-the-art lunar surface power and communication is small scale and
short range.

The paradigm shift from isolated missions to industrial-scale, global infrastructure will undoubtedly be enabled
by In-Space Servicing, Assembly, and Manufacturing (ISAM) capabilities. This paper explores one way in which
capabilities like in-Space Assembly (iSA) could be effectively utilized by NASA, other agencies, and industry for lunar
surface exploration and operations.

Various architecture and element-level trade studies are explored principally to:

1) Ensure ongoing iSA technology investments enable a scalable power and CPNT infrastructure.

2) Formulate concepts for both sub-scale and full-scale demonstration missions that optimize capability gap closure

and utility for early lunar exploration and operations.

The focus of this work is iSA Tall Lunar Towers (TLTs), as illustrated in Fig. 2a] The evolution road map for iSA
TLTs is shown in Fig.[3] TLTs could start as sub-scale demonstrations on lander decks to provide CPNT surface relay
utilities. The next step in the evolution would be using TLTs for power generation, with full-scale towers capable of
generating 100 kW of power or more. The capabilities would continue to evolve with the integration of the robotic
systems on mobile chassis called Robotic Construction Rovers (RCRs) and using them to construct multiple full-scale
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towers on prepared foundations, as depicted in Fig.[2b] The RCRs would also be able to construct other truss-based
structures like domes for radiation protection, landing pad blast shields, gantries and cranes for cargo and in situ resource
handling, in situ resource processing and storage structures, railways, and bridges. The RCRs would be able to repair
and outfit these structures and could even repair and outfit themselves in addition to other rovers. The final step in the
iSA evolution road map would be using the same capabilities to robotically assemble truss members manufactured in
situ using lunar-derived aluminum.

Lunar Infrastructure (LI) Goal: Create an interoperable global lunar utilization infrastructure where U.S. industry and
international partners can maintain continuous robotic and human presence on the lunar surface for a robust lunar
economy without NASA as the sole user, while accomplishing science objectives and testing for Mars.

LI-1.: Develop an incremental lunar power generation and distribution system that is evolvable to support continuous
robotic/human operation and is capable of scaling to global power utilization and industrial power levels.

LI-2.: Develop a lunar surface, orbital, and Moon-to-Earth communications architecture capable of scaling to support
long term science, exploration, and industrial needs.

LI-3.:: Develop alunar position, navigation, and timing architecture capable of scaling to support long term science,
exploration, and industrial needs.

LI-4: Demonstrate advanced manufacturing and autonomous construction capabilities in support of continuous human
lunar presence and a robust lunar economy.

LI-8.: Demonstrate technologies supporting cislunar orbital/surface depots, construction and manufacturing
maximizing the use of in-situ resources, and support systems needed for continuous human/robotic presence.

LI-9.: Develop environmental monitoring, situational awareness, and early warning capabilities to support a resilient,
continuous human/robotic lunar presence.

Fig. 1 NASA Moon to Mars Lunar Infrastructure Objective excerpts.
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Fig. 2 TLT configuration and truss assembly technology use cases.

Assembled towers were shown to be at least half the structural mass and have a packaging density more than fourteen
times greater than deployable towers, which significantly reduces delivery costs [1]. Although the subsystem-level
performance of assembled towers is known, the mission-level performance and broader architecture-level impacts
of robotically assembled 50 m power and CPNT lunar towers has not been studied rigorously in previous literature.
This paper aims to address this knowledge gap through conceptual level systems analysis informed by the early-phase
technology development efforts at NASA Langley Research Center, which intend to demonstrate robotic tower
construction technologies in a laboratory environment.

Autonomous truss joining technology using robotic manipulators to assemble TLT is size and shape agnostic, and
therefore it could be adapted to create landing pad blast shields and radiation protection structures as shown in Fig.
This highly modular approach enables highly optimized structures tailored to broad applications.

In addition to reusing the RCRs to build many structures, they could also autonomously offload, handle, and transport
crew logistics delivered on landers, mate and de-mate mechanical, power, data, and fluid connections, and provide
inspection and situational awareness. Several researchers and companies have also shown that if robotic manipulators



are designed to detach from their chassis, they can "inchworm" up structures to perform maintenance, repairs, outfitting,
and up-close inspection [2} 13]].
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Fig.3 TLT evolution road map (not to scale).
I1. Methods and Assumptions
A. Assembly Approach

Tower assembly is performed by two robotic arms on each side of the assembly area to locate and move trusses
into the correct position and orientation. The custom end effector can be configured to interface with virtually any
"off-the-shelf" robotic arm. The end effectors and robotic arms provide the Construction Robotic System (CRS) with
visual and inertial sensory data, grip and place the trusses, and join them together into a cubic bay. The only unique
robot required is the CRS, which consists of a jigging frame with grippers, lifters, and cameras that lift assembled tower
segments to make room for the assembly of the next bay, hold the tower segments in place, and provide additional visual
data for feature location. A diagram of the CRS currently undergoing ground tests at NASA Langley Research Center is
shown in Fig. f]

Lifting the bays in sequence essentially means the tower is "extruded" vertically. The entire tower and tower
payload is lifted by the CRS to assemble the final bay, then the tower is joined to the foundation—either a lander deck or
surface-based foundation. The end effectors’ extensive sensor suites enable high-fidelity inspection and requirements
validation, ensuring extremely safe construction and end use. Equipping the robotic hardware with numerous stereo
vision cameras and a vast array of other sensors is not only a safety feature to easily verify structural integrity—but also a
data-rich approach that enables faster learning and innovation as the technology evolves. Early assembly demonstrations
could inform even taller and lighter-weight structures using the exact same CRS. Climbing-capable variants of the CRS
could perform periodic up-close inspection, diagnose problems, replace individual trusses, and outfit the tower with
upgraded power and CPNT packages.

B. Tower Sensitivity Study

Due to low sun angles near the Lunar South Pole, terrain casts shadows that can prevent solar power generation
and reduce local temperatures to cryogenic conditions. Elevating solar arrays above these local terrain blockages can
provide ground-level assets with near-continuous power for nominal operations and to survive ground-level shadowing
instead of relying on heavy batteries or complicated and expensive systems like regenerative fuel cells or nuclear power.
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Fig. 4 CRS engineering development unit mechanisms.

Lunar South Pole illumination data were used to size tower height and lithium-ion batteries (150 W-hr/kg subsystem-
level effective energy density before mass growth and margin) to survive shadowing for several reference locations and
tower heights near the South Pole. The operational and shadowing survival power demands are both largely driven
by the end users (habitats, rovers, etc.), so a range of operational and survival power loads were considered. Given
the maximum continuous darkness period (the worst case used for battery sizing) is highly sensitive to height above
the surface, the number of towers was also traded. One tower to support all the solar arrays requires less structure
mass, but multiple towers for a given solar array area allows more solar collection to occur closer to the top of the
tower, where there is more illumination. An example is shown in Fig. E[ which explains the number of towers and
their configuration. Although the tower model assumes 240 V cables transfer power from the arrays to a remote power
controller for distributing power to end users at the base of the tower, transmission lines across the lunar surface have
not been considered yet. Towers could either be constructed at the point of use or users could traverse to the towers.
Future work will compare this decentralized architecture to a centralized grid with power transmission.

C. Multi-Region Use Case

Early Artemis crew will likely land in different regions each mission before a fixed base camp is established. The
power and CPNT needs could be met by relocating these utilities between regions each mission, or by establishing
permanent infrastructure at each region. The latter was investigated in order to understand the high-level impacts.
Location is an important parameter because it drives the effective energy storage duration. Higher elevations experience
less local terrain shadowing. Higher latitudes (closer to the pole) experience less prolonged shadowing from the Sun
dipping below the horizon. Several Artemis III candidate landing sites were used as reference locations for towers.

II1. Results and Discussion

A. Power Generation TLT

The master equipment list is summarized in Table[T} A total margin of 30% was assumed for all tower subsystems,
including batteries. No mass margin was assumed for tower payloads (meaning subsystems that are supported by the
tower), except the avionics and thermal payload masses shown in Table [T]include 17% mass growth allowance. In
preliminary model development stages, higher voltage transmission lines were traded but resulted in higher overall
system mass than the 240 V cables due to a short transmission distance (tower length did not exceed 50 meters) and due



to the added mass of the high-voltage power management units. The advantages of higher voltage transmission lines
would be realized over longer transmission distances.

1 narrow 100 kW tower

1

Astronaut
v

qP 1 x 100 kW tower

? 2 x 50 kW towers

4 x 25 kW towers

|

8 x 12.5 kW towers

Fig. 5 Power-generating arrays can either be packaged on one tower or distributed across many. This shows the
options considered for a 100 kW power generation capability.
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The full factorial of TLT system mass with varying the location, tower height, number of towers, and power
requirements is provided in the Appendix. An excerpt of the full factorial results is reproduced in Fig.[6] Supporting the
required payload mass was not an issue for any of the cases analyzed, even for 200 kW arrays. However, some cases
were omitted due to insufficient area for solar collection. For the shorter towers with higher power requirements, the
model could only find feasible solutions if there were enough towers to provide enough solar collection surface area.
For the cases that were feasible, increasing survival power loads globally increased system mass, which is unsurprising
due to the low specific energy of batteries. The other effects are more nuanced. For smaller survival power loads like
0.5 kW (see the Appendix), 15 or 20 m towers were always the lowest system mass. As survival power load increases to
1 kW and 5 kW, the optimal height varied and was mostly driven by the location, but power generation and number
of towers contributed as well. For 10 kW of survival power load, 50 m towers were the lowest system mass or only
feasible height considered in the majority of cases. Increasing tower height actually reduced overall system mass since
the additional structural mass is vastly outweighed by the reduction in battery mass. For the majority of cases where the
shadowing survival power load was 5 kW or greater, system mass decreased as tower height increased, which suggests
system mass parity for taller towers is on the order of 5 kW survival load. For reference, a 1 m? lunar robotic rover
would have a shadowing survival power demand of about 100 W, and a 2-crew lunar surface habitat would demand over
4 kW. Thus, the threshold where towers become beneficial is reached even with minimal permanent assets, and the
benefit becomes even more apparent as more significant elements arrive like habitats.

Other noteworthy observations include the effect of location. The Connecting Ridge near Shackleton Rim has the
most illumination of the locations considered, and unsurprisingly, resulted in the lowest system masses. The Connecting
Ridge and de Gerlache Rim 2 also offered considerable payoff for building taller since the maximum darkness period
steadily decreases with height for these locations. Another interesting finding is the acute sensitivity of location. De
Gerlache Rim sites 1 and 2 are only a few hundred kilometers apart, yet site 1 favored 15-20 m towers and site 2 strongly
favored 30-50 m towers. The dramatic sensitivity of location on system mass illustrates the fact that sites that do not
require tall towers are scarce, making up only a few square kilometers altogether. Additionally, landed assets will have
their survival batteries sized for the worst case within their landing ellipse. Without landing beacons on tall towers, this



ellipse could be anywhere between hundreds and thousands of meters long, which could drive energy storage mass by a
factor of two in some cases. For the specific case of landing the first tall towers, before landing beacons exist, the extra
height of 50 m towers protects against this sensitivity, as shown in the plot of illumination data in Fig. [7|created by
Erwan Mazarico at NASA Goddard Space Flight Center. Since the regions of shorter-duration continuous shadowing
50 m above the surface are an order of magnitude broader than 10 m above the surface, the additional height provides
missions several hundred more square kilometers of leeway for landing site selection and contingencies. The order of
magnitude increase in regions of shorter continuous shadowing is also why tall towers enable much larger areas of
exploration and global lunar operations, rather than just isolated archipelagos of light.

Table 1 Design Reference TLT Master Equipment List: 50 Meters, 1-Tower, 100 kW Power, 5,000 W Shadowing
Survival, Connecting Ridge

Element Name Mass Estimate (kg)
Tower Power System 2,421
Photovoltaic Array 135
Batteries 2,171
Power Management and Distribution 114
Tower Other Subsystems 650
Tower Structure 37
Tower Trusses 26
Tower Joints 11
CRS 200
Robotic Manipulator(s) 110
End Effector(s) 73
Thermal Management 70
Turntable 160
Basic 3,071
Growth/Margin 921
Predicted 3,992
Payload Power System 224
Remote Power Controller 118
High Voltage Cable 72
Intra-Element Cable 14
Junction 9
Mechanical Installation 11
Payload Other Subsystems 629
Attitude & Control 19
Command & Data Handling 45
CPNT 84
Thermal Management 44
Photovoltaic Array 438
Tower Payloads 853
System Mass 4,845

TLT enables dedicated power utilities so that lunar surface elements do not need to be power independent and
survive shadowing on their own. In fact, if a lunar surface habitation element leveraged TLT for just shadowing survival,
the element would save 2,500-2,800 kg in energy storage predicted mass (150 W-hr/kg Li-ion batteries with 30% total
margin), which could be eliminated to reduce delivery costs or reallocated to increasing habitable volume or additional



utilization. Additionally, 10s or 100s of bespoke surface elements all operating power independently would likely be
too difficult to maintain. In contrast, a standardized grid of modular towers each serving 10s of end users would be
much easier to maintain. Leveraging TLT for power generation would not only save additional surface element mass but
would enable elements to take advantage of network upgrades over time.

10 20 30 40 30 60 10 20 30 40 50 60
5,500 I 11,000
5,000 10,500
4,500 10,000
5
3 € 4.000 - 9,500
en &
£ =350 ! 9.000
1] ﬂ | :
I .
O o 3.000 ‘—’——_"I‘,_/— 8.500
— | N
2,500 i —— 8,000 \E — |
5 : 4 3 -  ——
2,000 %—ﬁ* 7.500 —_—
1500 7,000
6,000 17,500
5.500 17,000
5.000 16,500
16,000
- 4300
5 & 15,500
o @ 4.000
g = 15,000
o 8 3,500 _
g £ ?___'____,_.)e—-""’ 14,500
2 P 3000 —_—
: 14,000
!______._d;..--—'——_'i
2.500 S—— : ; 13,500
2,000 13,000
10 20 30 40 50 60 10 20 30 40 50 60
Tower Height (m) Tower Height (m)
0.5 KW Survival 10 kW Survival
—&—125 kW, 1 Namrow Tower(s) 50 kW, 1 Namow Tower(s) 100 kW, 1 Namow Tower(s) 200 kW, 1 Namow Tower(s)
—&—125 kW, 1 Tower(s) 50 kW, 1 Tower(s) 100 kW, 1 Tower(s) 200 kW, 1 Tower(s)
—— 25 kW, 2 Tower(s) 50 kW, 2 Tower(s) 100 kW, 2 Tower(s) 200 kW, 2 Tower(s)
——15 kW, 4 Tower(s) 50 kW, 4 Tower(s) 100 kW, 4 Tower(s) 200 kW, 4 Tower(s)
—wi—25 kW, 8 Tower(s) 50 kKW, 8 Tower(s) 100 kW, 8 Tower(s) 200 kW, 8 Tower(s)

Fig. 6 TLT system mass sensitivity study.

B. Communication, Position, Navigation, and Timing TLT

Using towers as a lunar surface CPNT relay is a recurring concept in literature. Towers provide beyond-the-horizon
line of sight, which is especially useful for the Moon’s uneven terrain. Surface relays also reduce bandwidth burden for
orbital relays and Earth ground stations by limiting the number of links to a handful of towers, instead of hundreds of
assets. Additionally, because the Moon is tidally locked to Earth, the far side never has direct-to-Earth coverage. Tall
towers could essentially "unlock" communication coverage for enormous regions of the Moon’s far side.

The TLT sized for CPNT payloads is shown in Table[2] Notice how 63% of the basic mass is robotic hardware
(CRS, manipulator, and end effector), and the 50 m tower structure itself is only 3% of the basic mass. Since there are
many other lunar use cases and proposed demonstrations for a robotic arm, a single lander could host multiple other
missions in addition to TLT, some of which could share the robotic arm to save mass. In future TLT iterations with



mobile robotics, six CPNT towers could be built across the South Pole over time with the same robotics. Building six
towers with the same robotics would require in total only 30 kg of trusses and six CPNT payload packages equipped
with minimal power generation and energy storage.
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Fig.7 Variation in longest darkness period on the Connecting Ridge assuming zero solar disk visibility. Scale
has been truncated at 4 days although many locations experience more than 4 days of continuous darkness.

To understand the impact of tower height on line-of-sight coverage, terrain must be accounted for. A previous
analysis [4] considered this exact problem for the example scenario of constructing a surface relay on the Connecting
Ridge and assumed a user 2 meters off the ground, which could be an astronaut or a rover, for instance. The study found
that a 50 m tower had 76% more coverage than a 10 m tower, or 325 km? versus 185 km?. Because only line of sight
was considered, results are conservative. Although results are highly location dependent, building 40 meters taller for
140 km? of added coverage is too appealing of a trade to dismiss, especially for 5 kg of total tower structure basic mass
in this case. The results of Ref. [4] also explain why many tall towers are needed after the first few Artemis missions;
once multiple rovers are present for crewed exploration, they will be capable of traversing roughly 20 km radial distance
from their base of operations, which corresponds to a 1,256 km? circular region which the crew could end up traversing
within over the course of a mission lasting several weeks. For the same example, a single 10 m tower placed in the center
would provide line of sight coverage for 14.7% of this region, compared to 25.9% coverage with a 50 m tower. Although
placing the tower at the center of the Connecting Ridge is actually far from optimal (explained in the next paragraph),
this example still illustrates the substantial limitations on exploration until multiple towers are constructed. An optimally
chosen location could provide roughly 40% coverage of a given region, but crewed traverses, and subsequently scientific
return, would be hamstrung if 60% to 85% of their surroundings were in a communication blackout zone. Excellent
coverage (>90% of the accessible area) requires multiple towers and or much taller towers than 50 m. To understand
why, imagine attending a sporting event at night. A point source of light could be placed above the center of the playing
field, but the players would obstruct each other’s view with their shadows. Now imagine the playing field is convex, and
scattered with hills that cast long shadows. The shadows are regions with no direct line of sight with the central point
source of light, which we can now think of as a communication tower that emits signals of light instead of visible light,
and the shadows cast by terrain are an analogy for black out zones where there is no line of sight with the tower.

Of course, stadiums lights are typically high up and placed far outside the playing field so they can illuminate a
broad area. Stadiums also usually have at least four light sources positioned along all four sides of the playing field
instead of one light above the center so players do not cast noticeable shadows. Consider a 20 m radius, circular region
surrounding a crewed landing site as the analog to the playing field. Just like the four stadium lights, placing four
communication antennas high above local terrain obstructions far outside of the circular region provides far better
coverage than a single antenna placed on or nearby the lander at the region’s center point.

One of the most common arguments made against assembled towers is the fact that 50 m tall "Starship" landers
could be used to host CPNT and power payloads. Or would it not be simpler and cheaper to put a deployable tower on a
rover then move it between regions of interest? Outfitting a lander or rover with power and CPNT capabilities is still a
complex, expensive development requiring unique engineering and integration solutions. On the other hand, relocating



rovers across hundreds of kilometers is not trivial either, and both of these services would become liabilities when they
eventually reach failure and there is very limited ability to repair them. A rover with a deployable tower provides some
CPNT coverage, but it is a single point of failure. In contrast, a comparable RCR could assemble then repair and outfit
six CPNT towers, which offer better, broader coverage and redundancy. Neither lander- nor rover-based deployable
towers are nearly as scalable and robust to failure as repeatable tower construction which uses the same robotics for
inspection, repair, and outfitting.

Table 2 Design Reference CPNT TLT Master Equipment List: 50 Meters, 1-Tower, Connecting Ridge

Element Name Mass Estimate (kg)
Tower Power System 42
Photovoltaic Array 14
Batteries 0
Power Management and Distribution 28
Tower Other Subsystems 134
Tower Structure 5
CRS 15
Robotic Manipulator(s) 33
End Effector(s) 63
Thermal Management 2
Turntable 16
Basic 176
Growth/Margin 53
Predicted 229
Payload Power System 5
Remote Power Controller 0.1
Cable 4
Junction 0.4
Mechanical Installation 0.2
Payload Other Subsystems 21
Command & Data Handling 9
CPNT 9
Thermal Management 2
Tower Payloads 26
System Mass 255

IV. Conclusions

There are numerous advantages of autonomous truss joining capabilities relative to reliance on rigid or deployable
structures: greater architecture and infrastructure flexibility, robustness, scalability, as well as repair, inspection,
replacement, upgrades, outfitting, and construction capabilities like ultra-lightweight, tall towers. Due to low sun angles
on the Lunar South Pole, 50 m towers can reduce the duration of maximum continuous darkness and therefore system
mass by up to 24% compared to a 15-meter-tall deployable solar array system. The 24% system mass savings along
with fourteen times greater structure-level packaging density than deployable towers found in Ref. [1] both significantly
reduce delivery costs. Additionally, two-crew surface habitats leveraging TLT for shadowing survival would save up to
2,800 kg in battery mass. Previous work found a 50 m tower constructed on the Connecting Ridge could have 76%
greater coverage than a 10 m tower [4]. After TLT construction is demonstrated on a lunar lander, a rover outfitted
with the same robotic capabilities could construct six CPNT towers across the South Pole for roughly the same system



mass as one mobile, 10 m deployable tower. Not only would this six-tower network provide an order of magnitude
greater coverage and redundancy than a lander-based or mobile, deployable CPNT tower, but this robotic technology
also enables infrastructure repair and upgrades. Finally, the same implementation can be easily scaled to construct,
power, and repair industrial-scale in situ resource utilization, domes for radiation protection, landing pad blast shields,
gantries, cranes, and more. All of these advantages are enabled by ISAM technologies. Highlighting this information
helps stakeholders more concretely understand the benefits of these capabilities for their future missions and helps guide
NASA strategy toward more specific decisions surrounding the development and use of ISAM capabilities.
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