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ABSTRACT
Kilometer-scale craters on the far side of the Moon
have unique potential as future locations for large radio telescopes, which can observe the universe at
wavelengths and frequencies (>10 m, < 30 MHz) not
possible with conventional Earth or orbital-based approaches. Distinct advantages of building a Lunar
Crater Radio Telescope (LCRT) on the far side include
i) isolation from radio noise due to the Earth’s ionosphere, orbiting satellites, and the Sun, ii) days of uninterrupted dark/cold sky viewing during lunar night,
and iii) terrain geometry naturally suited for constructing the largest mesh antenna structure in the Solar System. A key challenge to constructing LCRT on
the Moon is related to the complexity of deploying a
1-km diameter antenna and hanging receiver within a
lunar crater whose diameter, depth, and slope are 3-5
km, 1 km, and ~30 degrees respectively.
In this paper, we first evaluate the trade space for deploying a large, complex structure within a crater, and
then provide a concept of operation for our favored approach, which employs coordinated teams of tethered
rovers to extract and suspend a packaged antenna from
a lander at the base of a crater. NASA’s Jet Propulsion
Laboratory in collaboration with California Institute of
Technology have developed a novel robotic system for
accessing extremely steep terrains; the Axel rover is a
two-wheeled rugged terrain vehicle that is supported
by an electro-mechanical tether that provides power,
data, and tensile support from a top-side anchor location. Recently, a pair of Axel robots have been used in
a DuAxel configuration that allows for four-wheel
driving and repeated passive anchoring at different locations. The DuAxel system has unique advantages for
deploying an LCRT antenna, including the ability to
deploy from a lander near a crater, drive a distance to
the crater rim to deploy an Axel, and later, retract the
deployed Axel in order to attached lift wires to raise
antenna components. Our proposed concept involves
delivering a packaged antenna and receiver to the bottom-center of a crater floor on a lander, then later sending a team of multiple DuAxel rovers to retrieve guide
wires from the lander, which are pulled to the top of
the crater.

1

INTRODUCTION

Figure 1: Illustration of the Lunar Crater Radio Telescope (LCRT) concept. The green antenna reflector is
shown suspended by lift wires just below a suspended
receiver. The location of the LCRT is targeted for the
far side of the Moon, taking advantage of the relative,
radio, noise-free environment.
An architecture illustration for the Lunar Crater Radio
Telescope (LCRT) is shown in Figure 1. LCRT is a
novel antenna concept that leverages the geometry of
km-scale impact craters on the far side of Earth’s
Moon, where the low-noise environment allows astronomers to peer deep into the ‘dark ages’ of the early
universe. Specifically, LCRT can make observations
at wavelengths and frequencies greater than 10 m and
less than 30 MHz respectively, i.e., frequencies that
have not previously been explored by humans on Earth
due to the inherent noise environment and challenge of
atmospheric attenuation. To address this, the LCRT
antenna consists of a 1-km diameter wire mesh reflector and an overhead receiver, both suspended from the
rim of a lunar crater that is roughly 3-5 km in diameter.
Figure 2 provides a cross-sectional illustration of
showing the precise orientation of the mesh antenna
and receiver.
The biggest challenge to realizing the LCRT concept
on the far side of the Moon is the deployment strategy.
LCRT, as proposed, involves a completely robotic assembly and operation. To provide context for the
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scope and scale for this deployment, we propose to robotically assemble an antenna on the Moon that is
three times the diameter of the Arecibo Antenna located in Puerto Rico. The focus of this paper involves
a first-order analysis of what we consider the key
trades in the deployment strategy for LCRT. The aim
of our trade is to determine a strategy and operational
concept that is realistic, reliable, and cost effective in
terms of deployment time, energy required, system
complexity, and mass, all of which factor into total
dollar cost for a mission of this magnitude.
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In terms of prior approaches for deployment of large
antennas on the surface of the Moon, there is little
precedent. Surface deployed concepts like FARSIDE
[1] and the Radio Observatory on the Lunar Surface
for Solar studies (ROLSS) have baselined mobile rovers that unroll tethers or film onto the surface. We will
present a concept for deployment, which takes inspiration from these approaches and unitizes recent advances in extreme-terrain, tethered rovers [10-11] that
allow for the in-situ deployment of an antenna within
a lunar crater.
3

DEPLOYMENT TRADES

3.1 Delivery of Assets
Figure 2: Illustration showing the LCRT orientation
inside a lunar crater. Note the precise positioning of
the receiver with respect to the parabolic antenna’s
shape. Also note the relative size of the antenna (1km)
compared to the diameter of the crater (3km). The
depth of the crater can vary. Our team has determined
the existence of 100s of candidate craters that enable
this approach on the lunar far side.

Here we consider the accommodation and delivery of
assets (antenna, deployer) to the surface.

This paper is organized as follows. Section 2 provides
examples from related work on space assembled antennas and possible deployment strategies/aids. Section 3 presents the trade space for the end-to-end deployment of LCRT, Section 4 provides detail and a
concept of operations for the concept currently favored, and Section 5 gives conclusions and plans for
future work.
2

RELATED WORK

Large deployable structures on the surface of the
Moon have been considered for a variety of radio astronomy applications [1-4]. FARSIDE is an advanced
concept that makes use of an array of hundreds of dipole antennas embedded along multiple tethers laid directly on the lunar surface over a large 10-km area [1].
Array concepts such as FARSIDE, for example, are
looking at lower frequencies (150 kHz to 40 MHz) and
are not implemented to look into and map the cosmic
Dark Ages as LCRT is proposed to target. Other approaches consider orbiting assets, implemented as single or multiple, discrete systems [5-9]. These approaches are typically more prone to some background
noise interference, reducing signal-to-noise ratio, and
have challenges stemming from the constantly changing thermal environment and small (relative to ground
concepts) apertures. In comparison to orbital approaches, LCRT is less prone to noise, can make observations in the cold lunar night (shielded from
Earth’s radio noise and Solar heating) with a large collection area.

Figure 3: Approaches for delivering antenna assets to
the surface and deploying include 1) top-down deployment where the lander projects out lift wires attached
to flung masses/anchors to the crater rim, 2) bottomup deployment where a lander is placed on the crater
floor and later sends projectiles or hoppers to the rim
attached to lift wires and anchors, and 3) hybrid deployment where the antenna and deployment/anchor
mechanisms are delivered separately to the crater floor
and rim for later attachment and deployment.
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Three approaches for deployment are shown above in
Figure 3 and are compared in Table 1 below.

Table 1: Comparison of delivery/deployment approaches. Refer to Figure 1 for an illustration of each
approach. Each row gives a qualitative comparison of
performance metrics. Anchoring: top-down and bottom-up approaches rank poorly because we have little
control on the terrain the projectiles or hoppers land on
and it will be more difficult to integrate anchoring
hardware into projectiles as opposed to hybrid approaches where rovers can select a favorable site to anchor and deploy both passive (ploy or wedge) and active (drill or stake) anchors. Reliability: top-down and
bottom-up approaches are highly reliant on the terrain
and involve dynamic maneuvers including flying,
landing, and wire casting, whereas the hybrid approach is slower pace (quasi static), allowing for
higher precision, decision making, and increased reliability. Complexity: while a basic top-down, mass
ejection approach is least complex, the nature of the
large deployment is inherently complex and likely requires a set of complex mechanisms and processes not
possible in a one-time rapid deployment. Testability:
above all, the only approach that allows for end-to-end
testability on Earth is the hybrid method, which involves existing rovers and technology, while other approaches are validated primarily through modeling.
Each category in Table 1 (top down, bottom up, and
hybrid) can be used to capture many specific approaches that are not listed here. We note that, in general, we are only considering approaches that involve
deploying the antenna in a pre-assembled state (e.g.,
we do not consider in-space weaving of the mesh antenna inspired by spider fabrication approaches [12]).
Table 1 provides several metrics that were considered
in the trade. We have selected a hybrid approach as our
baseline due to its ease of anchoring, reliability, and
Earth testability. Section 4 will go into more detail on
the selected concept.
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3.2 Packaging Antenna
Stowage and deployment of a mesh antenna requires
consideration of robust, reliable , and compact strategies for packing antenna components. For this study
we only consider approaches that deploy preassembled antenna components, and thus, assume that the
packaged system arrives to the surface inside a lander.
Later, we will deploy this antenna using lift wires, so
it is essential that the reflector, made of wire mesh, deploys reliably and repeatably. Figure 4 shows an artist’s depiction of the wire mesh after deployment.

Figure 4: Artist’s depiction of wire mesh and suspended reflector. Image Credit: Vladimir Vustyansky.
The packaging of the antenna receiver is straight forward, in that it is a simple electronics box that deploys
before and above the stowed reflector via lift wires.
The mesh reflector is more complex. Three packing
strategies are considered (two are shown in Figure 5)
for the deployment of the mesh, which unfurls to form
a parabolic disc with an outer diameter of 1 km and an
estimated mass 1 metric ton.

Figure 5: ASTROmesh (left) and Starshade (right)
provide two different approaches to consider for a
packaged mesh antenna [13-14].
Table 2 provides a comparison of packing strategies
along with justification for the selection of the origami
deployment approach inspired by Starshade. The difference between Starshade and LCRT is that the scale
of LCRT is greater in size, i.e., Starshade is 10 m in
diameter and LCRT is 1000 m. However, the principles that enable the unfurling can be repurposed here.
In order to reliably unfold the antenna, it is packaged
with integrated, lightweight support structure around a
central, spinning deployment disc. When lift wires are
pulled, constraints are released and stored energy is
used to drive the deployment without fouling or tangling the antenna as it is lifted up and outward. We
acknowledge that this is work to go in our continuing
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design effort, but at first order this approach offers reliability while also allowing for the lander to serve as
part of the support structure, which reduces the overall
load on lift wires and rim anchors. Figure 6 illustrates
the mesh antenna unfurling approach.
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Figure 7: Anchoring examples: drill, plow, and mass
anchors are shown (left-to-right). Each anchor can be
implemented on a mobile rover located at the rim.
The challenge of anchoring lift wires into the regolith
stems from a lack of bedrock to securely attach to using a drill or ballistic anchor. In order to anchor, we
must leverage a combination of the examples above,
starting with mass. For example, the rover will park on
the regolith with a static-mounted shovel or plow
pointing towards the crater and lift wire. If needed, a
drill can be used to sink into the regolith to provide
additional support.
3.4 Lifting Antenna

Table 2: A comparison of antenna mesh receiver packaging and deployment strategies. An origami approach, inspired by [14], is desirable for its ability to
deploy using a ‘single’ degree-of-freedom, i.e., pulling
on the lift wires will cause the antenna to unfurl from
a central disc as shown in Figure 6.

Figure 6: Illustration showing how the LCRT antenna
(receiver on top and reflector in green) would be packaged inside the lander. Note that the receiver is
mounted on top because it needs to be suspended
above the reflector and must be deployed first. The illustration on the top right shows a concept for how the
mesh reflector would be deployed by lift wires off of
a rotating spool. The image sequence on the bottom
row shows an example of the origami unfurling strategy that occurs once lift wires are retracted and tensioned.
3.3 Anchoring Antenna
Each lift wire requires anchoring into the lunar regolith near the crater rim. Examples of some approaches
are shown in Figure 7. Admittedly, there are many
more, which are not shown for brevity.

With assets located at the crater base (lander, antenna)
and rim (anchors, deployment rovers), there are several options for integrating lifting mechanisms (pulleys and winches), which are needed to raise and deploy the antenna. Table 3 captures the lifting trade.

Table 3: Comparison of antenna lift approaches.
Power: placing the reels at the center means that
power (provided internally or via powered tether from
crater rim) is centralized to just two locations compared with approaches that require power per node
(anchor or wire pulley bot). Abrasion: in order to limit
damage to lifting wires and reduce the tension applied
by each lifting winch, the wire should not drag on
abrasive, glassy regolith or rocks. In order for rim anchors to winch without damage to wires, an intermediate pulley located at the rim must be used, but this
complicates the system. Complexity: coordinated lifting between discrete systems (anchors or pulley robots) is inherently complex, which favors the center
reel approach because systems are centralized.
The center lift approach is appealing for two key reasons, 1) the system is centralized making power distribution and control straightforward, and 2) abrasion of
lift wires is prevented without additional hardware
placed in line with wires or at the crater rim.
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An important trade in the deployment of the antenna
involves the quantity of wires needed to lift both the
antenna receiver and reflector. Current estimates for
the mass of the receiver and reflector are 500 and 1000
kg respectively. Given mass estimates and the geometry of the deployed antenna in the crater illustrated in
Figure 8, we can calculate the tension per lift wire as
in Figure 9 using the following relationship, which assumes lunar gravity (1.62 g) and a massless lift wire.
𝐅𝐭 = 𝐅𝐭 𝐲 ⁄𝐬𝐢𝐧(𝛉) , where 𝐅𝐭 𝐲 = 𝐦𝐠/𝐰𝐢𝐫𝐞𝐬
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simultaneously lifting many wires. In other words, we
want to minimize the number of wires needed while
maintaining reasonable tensions per wire, considering
their impact on rim anchors, which have limited capabilities for robust anchoring in the lunar regolith. This
balance is part of our continuing study and we have yet
to determine the optimal balance for wire count. Notwithstanding, the illustration shown in Figure 10, provides one way to look at the wire count and deployment complexity problem. As shown, reflector and receiver wires should be evenly divisible to simplify the
deployment and ensure safe wire spacing.

Figure 8: Calculation of tension in lift wires requires
knowing the mass of the receiver and reflector and the
angle of the wire with respect to the horizon. Note that
tension goes to infinity as the angle approaches zero.
Reflector [1000 kg]

Receiver [500 kg]

Figure 10: This top-down view shows the distribution
of reflector and receiver wires. Black wires represent
reflector (mesh antenna) wires, while colored wires
represent overhead receiver wires. The key takeaway
is that the number of receiver and reflector wires
should be evenly divisible to simplify distribution.
4

SELECTED CONCEPT

4.1 Enabling Technology
Figure 9: These plots show the impact of the lift wire
angle on wire tension given wire quantity. The key
takeaway here is that for a reflector and receiver, the
ideal number of wires is at least 16 and 8 respectively.
In Figure 10, we will consider the impact of these
choices in terms of layout complexity.
Routinely-used, high-strength lift tethers made from
bundles of braided, light-weight fibers like Vectran or
Kevlar have tremendous tensile capacity (well over 1
kN). Tethers can also be outfitted with conductive
wires for power delivery and communication if
needed. In consideration of the tensions (per lift wire)
shown in Figure 9, we want to balance the need to
have more wires with the complexity of deploying and

The selected hybrid deployment approach is enabled
by ongoing technology developments at NASA’s Jet
Propulsion Laboratory. The Axel and DuAxel rovers,
shown in Figure 11, have been advanced over the past
two decades and provide a mature solution for egressing down steep, crater walls and could be retrofitted to
fetch lift wires and deploy the LCRT antenna. The
DuAxel rover system is comprised of twin Axel rovers, which can each detach to explore steep terrains,
leaving the remaining Axel (as spare) and Central
Module to provide power and coms from the surface
to in-crater assets over a supportive electromechanical
cable [15].
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4.2 Concept of Operation
In consideration of the trade presented in Section 3, we
explore an architecture that employees a number of
DuAxel rovers delivered to the crater rim to aid in deployment. Subsequently, Groups of DuAxels (quantity
to be determined) deploy single Axel(s) into the crater
to retrieve lift wires, which are brought to rim and
linked to surface anchors. The wires are then lifted using central winch mechanisms integrated into the antenna receiver and reflector. Figure 13 provides a
high-level illustration of this concept.
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Radio Telescope on the far side of the Moon. The trade
study considers the end-to-end sequence of operations
from landing of assets, packing of the antenna, lifting
and anchoring the antenna. Future steps in our development of the concept will include a focused quantitative analysis of candidate mission architectures to determine the feasibility of the approach.

Figure 11: DuAxel, which leverages twin Axel rovers
for 4-wheel driving (top), is shown undocking (middle). A single Axel rover descends a vertical surface
(bottom) supported by DuAxel from above.

Figure 12: Electromechanical cable used to provide
power, communication, and support on steep terrain to
the Axel rover [15]. Axel spools tether on board in order to prevent dragging the cable across the surface.
5

CONCLUSION & FUTURE WORK

This paper reports on an ongoing concept study and
deployment trade to construct a large Lunar Crater

Figure 13: Concept of operations for deployment of
LCRT using teams of DuAxel rovers. A) Landing: antenna and teams of deployment rovers are delivered
separately to the crater floor and rim, B) Checkout:
center lander releases bay doors to expose antenna and
lift wires, C) Attach: rovers anchor to crater rim, descend on support tethers, attach to lift wires, retract
and pull lift wires to crater rim , D) Lift: lift wires anchored to rim (method yet to be determined) and
winches on the antenna components are activated to
raise antenna into position.
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