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A B S T R A C T

Lunar Space exploration is currently accelerating, and manned and unmanned missions to the Moon are
planned by several space agencies and private companies in the coming 5–10 years. The construction of
the Lunar Orbital Platform Gateway (LOP-G) and plans to establish a more permanent human presence on
the Lunar surface will increase the landing frequency and require the capability to safely soft-land successive
missions in near proximity to each other. The lunar South Pole is one of the preferred locations for surface
exploration due to the discovery of volatiles in the permanently shadowed craters at the poles. However,
landing on the lunar South Pole of the Moon is challenging due to the illumination and loss of Earth line-
of-sight conditions combined with complex topography. The increased interest in co-located lunar landings
concurrent with construction of lunar infrastructure and a challenging landing area warrants new approaches
in navigation technology.

In this paper we present a concept for a system of radio beacons installed around the Shackleton crater
rim ‘‘SR1’’ landing site on the lunar South Pole. We present considerations for optimal placement of the
radio beacons based on the specific landing site topography and quantify our finding with dilution of
precision (DOP) calculations. We present a novel method for deploying the radio beacons as penetrators
with embedded thermoelectric generators (TEGs) for autonomous power generation. We present findings on
beacon survivability, penetration depth, spin-stabilization of the penetrators and maximal theoretical power
generation.
1. Introduction

The lunar South Pole is currently one of the primary targets for
extended human and robotic exploration on the Moon. Many of the
areas of interest are located on top of topographic heights as they
provide near constant sunlight and are in close proximity to perma-
nently shadowed regions where water may be extracted. Common for
these locations is that they are very narrow, spanning only a few
hundred meters. Thus, ensuring a safe and soft precision landing with
an uncertainty of less than 100 m is necessary.

Today, most spacecraft rely on a combination of inertial and optical
sensors, as well as tracking data from Earth based systems to determine
their flight state, avoid hazards and increase precision in their landing.
These systems have a rich heritage and are continuously improving, but
are challenged by the illumination conditions, Earth line-of-sight con-
straints and topography at these new landing sites. Pin-point landing
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requires state of the art landing systems consisting of complex suits
of sensors with a high level of redundancy, specially built for each
mission, making them relatively expensive. While optical navigation is
more flexible and is the best option for navigating to new landing sites,
radiometric navigation may be best suited for returning to a previously
visited landing site [1].

In order to fulfill the goal of a more permanent human and robotic
presence on the lunar South Pole, repeated, co-located, pinpoint land-
ings at the same location will be imperative and ground infrastructure,
such as radio beacons have gained increased attention [1–4]. Beacon
navigation systems (such as LORAN and VOR) have been extensively
used on Earth for many decades but a system of radio beacons on the
Moon remains a novel idea because of difficulties in deployment and
achieving long term operation in the harsh lunar environment.
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Theil and Bora [3,4] investigated placing up to four radio beacons
on the lunar surface and showed that a constellation of a single
beacon at a large distance along the landing trajectory and multiple
beacons close to the landing site improved the navigation performance
but did not meet the required positioning accuracy at landing. They
concluded that more beacons were required at the landing site. They
did not take the local topography at the landing site into account
or elaborated on methods for deploying the beacons to their desired
locations. Mu [5] suggested deploying beacons from a lunar base before
each landing with the use of rovers but this method increases cost
and risk significantly and requires extensive preparation before each
landing.

In [2,6] the idea of deploying beacons as penetrators was intro-
duced and key challenges were presented. This paper further develops
the concept and analyzes a navigation system consisting of several
relatively inexpensive, self-contained radio beacons deployed around
the SR1 landing site on the Shackleton crater rim on the lunar South
Pole. The approaching lander determines its position using pseudorange
multilateration to the radio beacons. To avoid the need for highly
accurate clocks in the beacons, the ranges should be obtained with
two-way time of flight (TOF) measurement. This has the implication
that the beacons must be transceivers and that the approaching lander
carries a precise clock. Incoming spacecraft could distinguish between
beacons using CDMA [7].

In Section 2 we introduce the phases of a lunar landing and the
associated requirements for positional accuracy. In Section 3 we intro-
duce the landing site used for the analysis and examine different beacon
constellations and their impact on Dilution of Precision (DOP). In
Section 4 we examine how to deploy the beacons as penetrators to the
desired constellation and required depth. In Section 5 we investigate
how the beacons can generate power using TEGs. In Section 6 we
examine the deployment method and sequence as well as survivability
of the beacons. Lastly, in Section 7 and Section 8, we conclude on our
findings and list relevant future work.

2. Landing requirements

For this study we will not elaborate on how to get to the Moon (see
ex. [1,8,9] for details on this), but focus on the final phases related to
landing. For the analysis presented in this paper we use the trajectory
dubbed ‘‘the nominal trajectory’’ from [8]. We assume the lander is
in polar Low Lunar Orbit (LLO) with an altitude of 100 km. At the
lunar North Pole The lander performs a retrograde De-Orbit burn to
reduce the orbital altitude to approximately 15.25 km. This phase takes
approximately one hour.

When the lander reaches perilune, the powered descent phase be-
gins with the Powered Descent Initiation (PDI) and the engine remains
on from now on until touchdown. The powered descent consist of four
sub-phases: The breaking phase, the pitch-up maneuver, the approach
phase and the final vertical descent. The vertical descent starts 30 m
directly above the landing site after any horizontal velocity has been
removed. It takes 527 s [8] from PDI to landing. A sketch of the
approach is shown in Fig. 1.

Precision requirements during the different phases depend on the
mission profile, landing site and whether it is a manned or unmanned
mission. Table 1 shows positional error requirements compiled from
literature. The Altair mission design requirements are the strictest as
this mission was a planned manned mission. The Autonomous Landing
and Hazard Avoidance Technology (ALHAT) project has different re-
quirements depending on the specific mission scenario (detailed in the
respective referenced paper). Table 1 only shows the requirements at
the beginning of each phase. A navigation accuracy requirement profile
can be found in [3].
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Fig. 1. Illustration of the sub-phases during the powered descent of a Lunar landing.

Table 1
Positional error requirements during lunar landing compiled from literature. The last
ALHAT values are given in Down-Range, Cross-Range and Altitude.

PDI Approach Landing

Altair [10] 400 m 50 m 10 m

ALHAT [1] 1000 m – 50 m

ALHAT [11] – – 90 m

ALHAT [3] 2000 m DR
2000 m CR
200 m A

100 m DR
100 m CR
20 m A

10 m DR
10 m CR
0.5 m A

Fig. 2. The 50 × 50 km area surrounding the SR1 landing site on the Shackleton crater
rim. The rim is very narrow and surrounds the 21 km wide and ∼ 4 km deep crater.

3. Beacon constellation

Studies [12,13] have been performed to identify the Lunar south
pole locations that offer the most favorable conditions for landing and
surface operations. In this paper we use the Shackleton crater rim ‘‘SR1’’
landing site (latitude and longitude: −89.8, −156.4) [12] as our case
study, but the system could be envisioned in other areas following a
similar analysis to the one presented here.

The SR1 landing site lies on a narrow crater rim. If we define the
width of the rim as the area where the slope is < 5◦ then it is only
300–400 m wide. Fig. 2 shows the landing site and the surrounding
topography. The figure is constructed using 5m/pixel resolution data
from the Lunar Orbiter Laser Altimeter (LOLA) instrument on-board the
Lunar Reconnaissance Orbiter (LRO) [14].

To determine its position and velocity an incoming lander must have
an unobstructed line-of-sight to at least four beacons at all times. The
possible constellations of beacons are thus restricted by the topography
and the associated likelihood of losing beacons upon deployment or
during operation.
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Fig. 3. Topographical map of the SR1 landing site with a r=2.5 km circle of 8 beacons
(red) and the trajectory of the incoming lander (blue). (For interpretation of the
references to color in this figure legend, the reader is referred to the web version
of this article.)

The beacon geometry could be a line, a cross or any other geo-
metrical shape but the beacons will only provide powerful radiometric
measurements as long as they are not located directly under the path of
the lander [1]. A circular geometry is chosen because 1) a line/cross is
very susceptible to the direction of the approach of the incoming lander
and 2) as will be elaborated in Sections 4 and 6, a circular geometry is
advantageous for the deployment method envisioned in this paper.

Fig. 3 shows a constellation of eight beacons in a circle with a radius
of 2.5 km. We see that in order to minimize the number of beacons
that fall into the crater we ideally require a small spread of beacons.
However, the spread of the beacons has a large impact on the accuracy
of the positioning solution. To examine the impact of the spread of
the beacons we perform dilution of precision (DOP) calculations which
are often used to determine reliability of position information in GPS
systems [15].

The pseudorange model is given by:

𝜌 = 𝑟 + 𝑐(𝑑𝑇 − 𝑑𝑡) + 𝑑𝑖𝑜𝑛 + 𝑑𝑡𝑟𝑜𝑝 + 𝑒 (1)

Where 𝜌 is the pseudorange measurement, r is the geometric range,
c is the speed of light, dT and dt are the receiver and transmitter
clock offsets and 𝑑𝑖𝑜𝑛 and 𝑑𝑡𝑟𝑜𝑝 are the ionospheric and tropospheric
propagation delays and e is measurement noise and other errors. On the
Moon, there are no atmospheric delays and 𝑑𝑖𝑜𝑛 and 𝑑𝑡𝑟𝑜𝑝 are irrelevant.
As stated in [15] by using two-way Time of Flight (TOF) measurements
Eq. (1) reduces to:

𝜌 = 𝑟 + 𝑐𝑑𝑇 + 𝑒 (2)

r is calculated for n beacons using:

𝑟𝑛 =
√

(𝐵𝑥𝑛 + 𝑥)2 + (𝐵𝑦𝑛 + 𝑦)2 + (𝐵𝑧𝑛 + 𝑧)2 (3)

Where [Bx, By, Bz] are the position of the beacons and [x, y, z] are
the position of the spacecraft.

If we assume that the errors are the same for all observations with
a standard deviation of 𝜎 and that they are uncorrelated then the
expression of the covariance of the parameter estimates can be written
as:

𝐶 = (𝐀𝑇𝐀)−1𝜎2 = 𝐃𝜎2 (4)
434

𝛥𝑥
Fig. 4. Topography map surrounding the SR1 landing site. Blue dots represent the
trajectory of the lander. The lines are the line-of-sight between the beacons and the
lander. If topography is obscuring the line-of-sight, the line is red. Topography data
is from the Lunar Orbiter Laser Altimeter (LOLA) [14]. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version
of this article.)

Where A is the n × 3 matrix of partial derivatives of the pseudor-
anges with respect to the x, y and z coordinate of the lander.
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The position estimates thus depend on the variance of the error
𝜎2 and the beacon geometry (elements of matrix D). The Dilution of
Precision DOP characterize the contribution from the beacon geometry.
DOP can be expressed as a number of separate measurements such
as horizontal dilution of precision (HDOP) and vertical dilution of
precision (VDOP) but to represent the overall uncertainty of the 3D
position we first calculate the position-DOP (PDOP) given by:

𝑃𝐷𝑂𝑃 =
√

𝐷11 +𝐷22 +𝐷33 (6)

In a constellation with good geometry and zero clock error the PDOP
could be close to 1, but in general, values in the range of 4 or less
indicate good geometry, whereas a PDOP greater than 6 indicates that
the geometry is weak [16].

Intuitively, a large spread of beacons will result in a good PDOP
value at large ranges and poor PDOP values close to landing and vice
versa for a small spread of the beacons. To counter this, beacons can
be deployed in two concentric circles of different radii to ensure good
geometry during most of the powered descent.

The number of beacons visible to the spacecraft will influence the
DOP values significantly. Fig. 4 shows the trajectory [8] (blue dots)
of the lander at the SR1 landing site. The digital elevation model
(DEM) from LOLA is converted to Delaunay triangles and intersections
between the triangles and the line-of-sight to the lander is found using
the algorithm in [17]. For each point on the trajectory the visibility is
established as either green (no obstruction) or red (obstruction).

Fig. 5 shows the average percentage of the beacons that are visible
during the approach for circular constellations of different radii. We
observe that the average visibility drops significantly when the spread
is larger than a radius of 3 km. Thus, we propose deploying two
concentric circles: an inner ring with a radius of 500 m and an outer
ring with a maximum radius of 3 km, each containing 8 beacons. The
landing approach can now be simulated and local topography taken
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Fig. 5. The average percentage of the constellation that is visible during the entire
approach of the reference trajectory for different radii of the constellation between 0.5
and 7 km.

Fig. 6. PDOP for the proposed beacon constellation consisting of 16 beacons in two
concentric circles with 𝑟1 = 0.5 and 𝑟2 = 3.0 km. PDOP values are calculated when the
center of the circles are off-set from the SR1 landing site by 1 km in the +/- 𝑥 and
+/- 𝑦 directions.

into account for this specific constellation and landing site by not
including pseudoranges in the DOP calculations if the line-of-sight is
obscured by topography.

The beacons are envisioned deployed by a precursor lander mission.
This mission would rely on traditional navigation techniques and be
susceptible to errors during the deployment. The beacons may there-
fore be deployed with a large uncertainty. To analyze the effect of
deployment uncertainty the PDOP values are calculated for circles of
beacons off-set from the SR1 landing site by 1 km in the +/- 𝑥 and
+/- 𝑦 directions. The resulting PDOP values are shown in Fig. 6 next to
PDOP values for the nominal case where the constellation is centered
around SR1 (shown in blue). Fig. 6 shows that the effect on the PDOP is
limited but noticeable at far ranges. Moving the constellation up-track
to a location 1 km in front of the SR1 landing site actually provides the
lowest PDOP at far ranges.

The PDOP value gives an overall indication of the effect of the
beacon geometry but we can also examine the vertical and horizontal
components relative to the local east-north-up frame (ENU). The result
of the nominal case with the constellation centered around SR1 is
shown in Fig. 7.

In both Figs. 6 and 7 The DOP values increase rapidly just before
touch-down. This is expected as the lander require unobstructed line-
of-sight to at least four beacons to determine its position and it will
loose sight of beacons due to the topography at low altitude. For the
case where the circles are centered exactly around SR1 this occurs at an
435
Fig. 7. DOP values in east-north-up (ENU) coordinates for the proposed beacon
constellation consisting of 16 beacons in two concentric circles with 𝑟1 = 0.5 and 𝑟2 = 3.0
km.

altitude of approximately 30–35 m. At this point the lander should be
centered above the landing site and have cancelled out any horizontal
velocity. The altitude for the remaining descent would be determined
by an altimeter. If the circles are off-set (especially in the direction
towards the crater) the loss of the positional lock occurs at higher
altitudes (up to 100 m altitude). The accuracy and robustness during
the final vertical descent could be improved by placing a central beacon
at the landing site, although it would potentially be an obstacle/risk at
landing.

The DOP values are shown for a ground range of 30 km. Beyond
this distance the PDOP values quickly reach triple-digit numbers as the
individual beacons cannot be resolved and the constellation reduces
to just one point. It is however still possible to use range, range-rate
measurements and bearing and a detailed study of landing on the Moon
using just one ground beacon has been performed in [3].

Pinpoint landing ideally requires a high navigation accuracy already
at PDI. With the lander following the trajectory from [8] the PDI
happens at a ground range of ∼300 m but the beacons comes into
sight at a ground range of approximately 220 km. Thus, the proposed
configuration of beacons provides only an improvement to the nav-
igation performance in the last most critical phase of the powered
descent. Additional precision is required in this phase as uncertainties
increase due to the engine being turned on. The navigation performance
could be improved by placing a single beacon at a large distance along
the landing trajectory to provide range and range rate measurements
already at PDI [3,4].

The positional accuracy depends both on the geometry (represented
by the DOP) and accurate measurements (represented by user equiv-
alent range error (UERE)). UERE is the total error budget affecting
a pseudorange in units of distance. The position accuracy is found
by multiplying UERE and DOP. A typical UERE for a GPS system
is given in [18] to be between 3–6 m. In a lunar environment, the
lack of any atmosphere means propagation errors and delays, which
require compensating adjustments on Earth, are removed and thus the
UERE should be smaller than it would be on Earth. However, large
uncertainties are likely associated with determining the exact position
of the beacons after deployment, which in turn would increase the
UERE.

Theil 2017 [3] used an UERE of 10 m for their analysis but noted
that this was a very conservative estimate. If we assume an UERE in the
order of 10 m, then the worst overall positional accuracy (when PDOP
= 23, see Fig. 6) would be 230 m. The best positional accuracy would
be just 10 m. Looking at the individual components in Fig. 7 we would
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Fig. 8. PDOP values when all 16 beacons are operational (blue) and when three
beacons are lost in the crater (magenta). (For interpretation of the references to color
in this figure legend, the reader is referred to the web version of this article.)

have a cross-range, down-range and altitude error well below 50 m for
the majority of the breaking phase and below 20 m for the approach
phase.

Achieving the requirements shown in Table 1 and in the require-
ment profile [3] is thus possible for the final approach and a large part
of the breaking phase, if the UERE is below 10 m and the constellation
is deployed as planned. The error at touchdown is unknown as the sight
of the beacons is lost, but at the onset of vertical descent the accuracy
meets requirements.

The analysis presented until now assumes that all beacons survive
deployment and remains operational. It is however more probable that
beacons will not be operational if they land on the steep slopes of the
crater wall and/or in near-permanent darkness. Even if the beacons
are centered exactly around SR1 we would expect to loose at least
the three of the outer beacons that falls into the crater. Fig. 8 shows
the PDOP values for this scenario (magenta) compared with the PDOP
values if all 16 beacons are active. We see that the PDOP increases
at all ranges when the circular constellation geometry is lost but that
the remaining 13 beacons (now forming a c-shape constellation) to
some extend preserves a favorable geometry. PDOP is still below 5 for
the approach phase resulting in a maximal error of 100 m. Thus, The
requirements for the approach phase is still met. The worst positional
error during the breaking phase would be 350 m which, at the end
of the breaking phase, is also still in accordance with the navigation
accuracy requirement profile found in [3].

The UERE is highly dependent on how well the positions of the
beacons are known. Traditionally the calibration of a beacon network
is proposed using communication between the beacons to synchronize
their clocks. In order to do so, each beacon must have an unobscured
line-of-sight to at least one other beacon. Fig. 9 shows that most
beacons will unfortunately not have an unobscured line-of-sight to each
other.

Even in the inner circle (where beacons are just separated by a few
hundred meters) the beacons cannot see each other. Thus, reducing
the size of the constellation will not have a significant effect on this
issue. The beacons would have to extrude from the surface by 15–20 m
in order for most beacons to have unobscured line-of-sight to at least
one other beacon. This is not feasible for the concept proposed in this
paper, and would arguably be an issue for most other beacon-based
concepts. Thus calibrating the system must be performed by other
means. The calibration could be performed using lunar satellites, LOP-G
or from Earth based measurements. Positioning of an stationary lunar
lander has been achieved with errors in the order of a few meters from
436
Fig. 9. Beacon interconnectedness. A red line represents that the line of sight between
two beacons is obscured by topography. A green line means that the beacons have an
unobscured view to each other. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)

Earth based measurements [19] but a navigation system like the one
presented would require centimeter-level accuracy [20]. Assuming that
the LOP-G station has been constructed in a Near Rectilinear Halo Orbit
(NRHO) [21], the constellation could be calibrated every time LOP-
G passes overhead. However, in order to do ranging with an orbiting
platform, more advanced radios and larger antennas may be needed
and this would greatly increase cost and complexity and it would not
be possible with the deployment method proposed in the following
section. An analysis of the impact of the calibration on the positioning
error remains to be done in future work.

4. Beacons as penetrators

Since the system require several kilometers between beacons, de-
ploying the beacons using robots on the surface is not feasible. Instead,
the beacons can be deployed by a precursor lander, all at once, as pen-
etrators. Penetrators are self-contained vehicles designed to function
after traversing some distance in a solid target using the kinetic energy
of their arrival.

Penetrators have typically been considered for missions looking to
measure geophysical properties such as heat flow and seismic activity,
but despite several mission proposals (Lunar-A [22], MoonLITE [23]
(and derivatives; LunarEX, Lunar Net and L-DART), ELUPE [24], Luna-
Glob and Polar Night [25]) only two planetary penetrator missions have
ever been launched. Both were targeted at Mars (Mars-96 and Deep
Space 2) and both failed. JAXA’s Lunar-A mission [22] is the most
advanced concept for lunar penetrators, but it was cancelled in 2007
due to many challenges and delays [24].

Utilizing penetrator technology is not an easy achievement, but the
benefits of this method may outweigh the challenges if the beacons
are kept relatively small and inexpensive. The advantages can be
summarized as (1) it avoids costly and slow installation by humans
or robots on the surface, (2) the beacons can utilize the temperature
gradient in the lunar regolith between the buried tip and the protruding
aftbody to generate power, (3) the beacons are shielded from the harsh
lunar environment by the lunar regolith.

It is critical that the beacons penetrate deep enough to achieve
a sufficient temperature gradient and survive the lunar nights, while
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Table 2
Impact velocity as a function of release altitude.

Release altitude (km) Impact Velocity (m/s)

50 403
30 312
20 255
15 220
10 180
5 127
1 57

Table 3
S-numbers of different soil types. Extracted from Young [26].

S-number Soil description

2–4 Dense, dry, cemented sand
4–6 Gravel deposits. Sand withoutcementation. Very stiff and dry clay
6–9 Moderately dense to loose sand

remaining intact upon impact. Table 2 shows impact velocity as a
function of release altitude above the lunar surface.

Empirical tests have shown that penetrators can remain intact at
impact velocities of up to 300 m/s [22,23]. However, a cylindrical
penetrator with an impact velocity of 300 m/s and no mechanisms to
slow it down, will penetrate several meters and experience significant
G-forces. Thus, we work with a release altitude between 10–15 km
(i.e., impact velocities in the range 180–220 m/s).

To estimate the penetration depth, we use Young’s emperical pene-
tration equations from 1997 [26] which predict the penetration depth
D into a uniform layer of rock, concrete, or soil:

𝐷 = 0.000018 ⋅ 𝑆 ⋅𝑁 ⋅
(𝑚
𝐴

)0.7
(𝑉 − 30.5) (7)

S is the dimensionless S-number (an indication of the penetrability of
the target), m is the mass of the penetrator, A is the cross-sectional
area, V is the impact velocity and N is the nose performance coefficient
of the penetrator. The nose performance coefficient is calculated as
𝑁 = 0.25𝐿𝑛∕(2𝑎) + 0.56 where 𝐿𝑛 is the nose length and a is the cross-
section area. In the following simulations we assume a nose length of
20 cm and a radius of 10 cm resulting in 𝑁 = 0.81. The S-number is
found in Young’s original work [26] and relevant values are shown in
Table 3.

Young’s penetration equations are only valid when the impact
velocity is less than 1220 m/s, the penetrator remains intact during
penetration, the penetrator weighs more than 5 kg, and it is more than
3 calibers (penetrator diameters) long. For the purpose of this analysis
these considerations will be true and thus the equations can be used but
the combined inaccuracy of the penetration equation and S-number is
about 15% to 20% [26].

The penetration depth is dependent on the type of soil/sand it
impacts and the shape and mass of the penetrator. We assume a simple
cylindrical penetrator and use Young’s penetration equations to plot
the penetration depth in materials with different S-values as a function
of the impact velocity (Fig. 10). The equations are based on empirical
data from penetrators on Earth, which make them very uncertain. With
an impact velocity in the range from 180–220 m/s the penetrator may
penetrate between 0.5 m and 3 m, depending on the properties and
compactness of the lunar regolith.

From region to region, the physical and mechanical properties of the
regolith may vary considerably and there is limited data from lunar soil
at the poles, because no spacecraft has landed there. To further examine
the empirical estimations from Young, simulations were carried out in
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Fig. 10. Penetration depth as function of impact velocity for a penetrator with mass
𝑀 = 40 kg, radius 𝑟 = 0.1 m (left) and 𝑀 = 20 kg, 𝑟 = 0.2 m (right). The nose length
𝐿𝑛 is 0.2 m in both cases. The two vertical lines mark the selected range of 180-220
m/s impact velocity.

Table 4
Compilation of properties for Lunar regolith required to run impact simulations in
Fusion 360.

Property Value Ref.

Thermal Conductivity 1.5 ⋅ 10−4 W
cm K At depth of 1 m [27]

Specific Heat 0.69 J
g K At a temperature of 260 K

[28]
Thermal Expansion Coefficient 15 ⋅ 10−6 K−1 For breccia [29]. From

Apollo

Young’s Modulus 65-110 MPa JSC-1 simulant Compression
𝐷𝑅 = 60% [30]

Poisson’s Ratio 0.2 Mean value [31]
Shear Modulus 21.1–92.3 MPa GRC-3 simulant [32]
Density 1.66 g

cm3 Mean Value 0–60 cm depth
[31]

Tensile strength 1.2 kPa JSC-1 Simulant [33]

Fusion 360 Event Simulation.

A major challenge when performing impact simulation is accurately
modeling the lunar regolith. In these simulations a Finite Element Anal-
ysis has been used. Table 4 shows a compilation of estimated properties
for lunar regolith and the right column provides the reference for the
selected value. The values originates from a variety of sources (samples
from the Moon or regolith simulant sources) and are based on data or
assumptions that are not necessarily valid at the lunar south pole. Most
values presented are also depth, temperature or pressure dependent.

Fig. 11 shows a simulation of a 20 kg, 10 cm radius, cylindrical
penetrator shell made of stainless-steel impacting 1.5 m of regolith
with a velocity of 180 m/s. From Fig. 11 we see that the penetrator
achieves a penetration depth of little less than a meter. This result
is in good agreement with the calculations using Young’s empirical
equation (7) if the regolith has the same S-value as gravel or sand
without cementation. Another observation from the simulation is that
the shell itself is compressed along its long axis by 20 cm. In this
simulation the penetrator is a hollow shell, and the compression would
be different for the final beacon penetrators as they would have internal
components.

Increasing the mass of the penetrator to 40 kg results in the simu-
lation results shown in Fig. 12 where the penetrator reaches a depth of
just short of 2 m. This is also in accordance with the predictions made
from Eq. (7). Weiss & Yung [2] performed similar calculations and used
hydrocode impact simulations to estimate the penetration depth of a
cylindrical penetrator (𝑟 = 5 cm, 𝑚 = 5.8 kg) and a flat penetrator
(𝑟 = 12.5 cm, 𝑚 = 5.8 kg) with a maximal impact velocity of 222 m/s.



Acta Astronautica 193 (2022) 432–443C. Toldbo et al.
Fig. 11. Simulation of a 20 kg, 1 m long, 10 cm radius, steel penetrator shell impacting
lunar regolith with an impact velocity of 180 m/s. The red oval shows the maximum
stress experienced at the tip is 722.4 MPa (second frame) and 936.1 MPa (third frame).
Simulation duration was 0.015 s. Simulation has been performed using Fusion 360
Event Simulation.

Fig. 12. Simulation of a 40 kg, 1 m long, 10 cm radius, steel penetrator shell impacting
lunar regolith. Impact velocity of 200 m/s. Simulation duration was 0.03 s. Simulation
has been performed using Fusion 360 Event Simulation.

Weiss & Yung used similar values to the ones presented in Table 4
(density = 1.74 g/cm3, shear modulus = 27.9 MPa, Young modulus
= 80 MPa and Poisson Ratio = 0.43). They found that the cylindrical
penetrator reached a depth of around 2 m while the larger diameter
penetrator reached a depth of approximately 1 m.

Regolith has a low thermal conductivity [27] so variation in temper-
ature decreases with depth. Already at a depth of 1 m the temperature
is stable. The penetrator head should therefore reach an impact depth
of at least 1 m to provide the heat anchor necessary for the power
generation (see Section 5). At the same time, it is a key requirement
that an antenna must protrude from the surface.

Given the limited knowledge of the exact properties of the surface
we must ensure adequate penetration depth even if the regolith is
harder than anticipated and ensure that the penetrator does not go too
deep if the regolith is softer than anticipated. One way to accomplish
this is to design a penetrator with a flare at the rear. However, such a
structure is often damaged due to ‘tail slap’ [23] when the tail impacts
the side of the hole a few milliseconds after impact.

Instead, we propose a two-part penetrator design with a connecting
umbilical cord. Upon impact, the forebody will separate from the
aftbody and allow the aftbody to remain above the surface. The aftbody
could be equipped with a mechanically robust and small microstrip
antenna. The forebody, containing a thermoelectric generator TEG,
continues to travel into the lunar surface to a depth of around 1 m.
A sketch of the concept is shown in Fig. 13.

A two-part penetrator design with an umbilical has previously been
proposed for the penetrator missions Mars-96, Deep Space (DS-2) and
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Fig. 13. Conceptual design of two-part penetrator with a connecting umbillical cord.
The forebody penetrates to 1 m depth while the aftbody remains partially above the
surface. The temperature gradient between the forebody and aftbody can be used to
generate power.

Polar Night [25], but there are several potential issues such as electrical
continuity at the connection between stages and the impact forces in
the aftbody. In order to validate the two-part design and functionality
after impact, extensive testing is required.

5. Power generation

The temperature difference between the buried tip of the penetrator
and the aftbody, still exposed to the temperature cycle at the surface,
could potentially drive a Thermoelectric Generator (TEG) and contin-
uously generate power and store it using super capacitors. TEGs are
solid-state semiconductor devices that convert a temperature difference
and heat flow into power using the Seebeck effect. TEG technology has
been researched for space and Earth applications [34–36] due to its
compactness and reliability as it has no moving parts. One of the biggest
disadvantages of TEGs is the low efficiency from thermal to electric
energy. Because of this low efficiency a large temperature gradient is
usually required.

To examine if the penetrators can generate enough power to be self-
sustainable we must constrain the power requirements. The two main
link budgets are between the beacons and the approaching Lander, and
between the beacons and LOP-G for housekeeping and calibration. We
assume that the beacons use a low cost, small and flexible Software
Defined Radio (SDR), Phase-Shift Keying (PSK) to maintain a fixed
central frequency of around 1614 MHz to 1626.5 MHz and a data rate
of 10 kb/s. For the link between beacon and lander only 10 mW power
is required, but at apogee LOP-G is 68000 km from the Moon and thus
the transmission power must be increased to 200 mW to get a 2.12 dB
margin.

The generated power from a TEG depends on the dimension of
the module, the figure of merit ZT, the average temperature and the
temperature difference between the hot and cold plate. The peak ZT
value is achieved at different temperatures for different materials.

The heat-to-electric conversion efficiency is given by [37]:

𝜂 =
𝑇ℎ − 𝑇𝑐

𝑇ℎ

⎛

⎜

⎜

√

1 +𝑍𝑇 − 1
√

1 +𝑍𝑇 + 𝑇𝑐

⎞

⎟

⎟

(8)

⎝ 𝑇ℎ ⎠
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Fig. 14. Average annual surface temperature on the Shackleton Crater Ridge. The
rings of radius 0.5 km and 3 km are shown on top. Data from LRO’s Diviner Lunar
Radiometer Experiment from July 5th, 2009, to February 17th, 2019 [39].

Where 𝜂 is the conversion efficiency, 𝑇ℎ is the temperature at the
hotter end of the TEG and 𝑇𝑐 is the temperature at the cold end. The ZT
value is often less than 1, but values of 2–3 have been achieved [37].
In the polar regions, at 2 m depth, the temperature is estimated to be
6◦K higher than the annual average surface temperature at the same
location [38].

Fig. 14 shows the average surface temperature on the Shackleton
Crater ridge with the concentric circles of beacons superimposed. The
average temperature is maximum 180 K which is not enough to keep
the beacons warm all the time and the thus beacons must generate
power for heating. Beacons on the outer ring will require substantial
heating and may not survive for long duration operations, but beacons
on the inner ring or close to the ridge will require less heating. Due
to the low thermal conductivity, the lunar regolith will function as
thermal insulation.

To examine the evolution of the surface temperature at the SR1
landing site we use temperature maps of the Moon’s surface from the
Diviner Lunar Radiometer Experiment onboard LRO [39]. Using data
from 5th of July 2009 to 17 February 2019 we generate a plot of the
surface temperature at the SR1 landing site (Fig. 15) during a lunar
day. From Fig. 15 we can obtain the temperature gradient at any time
during the lunar day in summer and winter. The minimum gradient is
0 K, where no power is generated, and the maximum gradient is 122
K.

Using the Electrical-thermal analogy we can calculate the heat
transfer using P=𝛥T/R where 𝛥T is the temperature difference and R
is the thermal resistance. The amount of power we can generate in the
two-part penetrator design is restricted by the maximum heat flow in
the umbilical cord. Assuming an umbilical cord made of a 1 m long,
1 cm diameter copper wire with a thermal conductivity of k = 401
W/m*K. The thermal resistance is then R = L/k*A = 31.8 K/W. Using
Eq. (8) and assuming a low ZT of 1 the mean efficiency of the TEG is
approximately 6%. Fig. 16 shows the power generation as a function of
the hourly diurnal local time for summer (red) and winter (blue). The
maximum power generation is approximately 0.37 W.

The result shown in Fig. 16 is for the SR1 landing site. A similar
calculation can be carried out for each beacon surrounding SR1. As
the TEG starts to pump heat, the temperature of the hot and cold
plate will change and move towards equilibrium. The results thus
represent a theoretical maximum value for beacon power generation.
Some beacons will land at unfavorable conditions where they may not
generate enough power to survive the lunar night.
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Fig. 15. Surface temperature at the SR1 landing site during a lunar day in winter
(dashed blue) and summer (dashed red) as well as seasonal averages (solid lines). Local
time is expressed in hours by normalizing the angular distance between geographic
longitude and the subsolar longitude to a 24-hour day [39]. For interpretation of the
references to color in this figure legend, the reader is referred to the web version of
this article.) .

Fig. 16. Power generation as a function of the hourly diurnal local time for summer
(red) and winter (blue). Local time is expressed in hours by normalizing the angular
distance between geographic longitude and the subsolar longitude to a 24-hour
day [39]. For interpretation of the references to color in this figure legend, the reader
is referred to the web version of this article.).

6. Deployment and beacon survivability

Upon impact the penetrator must remain structurally intact and
electronics and other internal components must survive the high levels
of G-force which will depend on the design and orientation of the
penetrator. If the forebody penetrates 1 m with an impact velocity of
approximately 180 m/s it experiences G-forces in the order of 2000 G.
The aftbody of the penetrator will however experience a much larger
G-force. If we assume it comes to a stop after a distance of just 5 cm
then the G-force is ∼33,000 G at the same velocity. The Mars penetrator
mission Deep Space-2 (launched in 1999) was designed to withstand
30,000 G (forebody) and 60,000 G (aftbody) [40].

If the attack angle (angle between penetrator long axis and velocity
vector) is too big, the loads on the penetrator could cause it to break
apart and/or the penetration depth would be less than anticipated.
Fig. 17 shows a simulation of a 1 m long, 10 cm radius, 20 kg stainless
steel shell impacting with an attack angle of 8◦ and 15◦. In the 8◦

case the penetrator still successfully penetrates, but the tip of the shaft
is deformed on the impact-side of the penetrator. In the 15◦ case the
penetrator is heavily deformed and penetrates less than 0.5 m.

The penetration mission concept MOONLITE performed a CFD
simulation of the 13 kg, 0.5 m long penetrator impacting the surface
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Fig. 17. A 1 m long stainless penetrator steel shell impacting lunar regolith with an
8◦ angle (upper row) and 15◦ (lower row). 𝑀 = 20 kg, 𝑟 = 0.1 m. The simulation has
been performed using the Fusion 360 Event Simulation tool.

at 300 m/s with an attack-angle of 8◦ [23]. In this simulation the
penetrator penetrates approximately 3.5 m and curves off due to the
attack angle. Our simulation does not model the curved path of the
penetrator and the compression of the regolith that occurs at the tip of
the penetrator. It also does not take into account the varying density as
a function of depth. From literature many penetrator-designs state that
the attack angle should be less than 8◦ [22,23].

To achieve this spin stabilization and attitude control of penetrators
are usually envisioned using a Penetrator Delivery System (PDS) [24,
41]. Using a PDS is not a viable option for the concept presented here
as it would drastically increase complexity and cost. However, if the
penetrators are without any stabilizing mechanisms, they would begin
to tumble due to tip-off velocities imparted in the release mechanism.

The Moon does not have any atmosphere so we cannot use aero-
dynamics to stabilize the penetrator. Instead, we suggest deploying
beacons using a spinning deployer spacecraft using wires to create a
spin along the long axis of the penetrator upon release. This release
mechanism can induce both spin and horizontal velocity to the penetra-
tor in a very short amount of time, minimizing the chance of tumbling.

A passive method for stabilization like this means that we are unable
to correct any misalignment after release. This will increase uncertainty
on where the beacons will land and potentially result in losing beacons.
In principle only four visible and operational beacons are required, thus
in this approach we suggest that deploying up to 16 penetrators and
losing some is more efficient than deploying fewer, more controlled,
but more expensive beacons.

Fig. 18 shows the deployment concept viewed from above. The
penetrators detach from the deployer spacecraft (blue circle), and a
cable unreel from the penetrator, spinning it up and separating. In the
first image the deployer spacecraft spins with the penetrator attached,
in the second image the penetrator is released an unwound on a wire
inducing a spin in the penetrator. When the required spin-rate of the
whole system is reached, the beacons will separate from the deployer
spacecraft due to the angular velocity of the system and gather angular
momentum due to the wire unwinding. When the wire is fully unwound
and stretched the beacon is released. After release, the penetrator will
move tangentially with a speed dictated by 𝑣 = 𝑟 ⋅ 𝜔. This deployment
method is fast and requires only short cable lengths. However, the
deployer spacecraft will need large angular velocities in a short time
interval.

The length of the wire and the angular velocity of the deployer
spacecraft determines the spin-rate of the penetrator. However, the
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Fig. 18. Illustration of the deployment method. The sketch shows a cross section of
the system from above. The blue circle is a simplification of the deployer spacecraft,
and the red circle is a single beacon penetrator. (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this article.).

Fig. 19. Nutation angle as a function of the spin rate for different disturbance forces
upon release. The disturbance torque 𝑇𝑑 has a unit of N m.

wire cannot be too long as it would wind itself around the deployer
spacecraft. Eq. (9) relates the average nutation angle of a spinning
cylinder to the disturbance torque, spin rate and moments of inertia
around the 𝑥 and z axis [42].

𝜃𝑎𝑣 = 4
𝜋

𝑇𝑑
𝜔2
𝑧𝐼𝑧(𝐼𝑧∕𝐼𝑥 − 1)

(9)

Where 𝑇𝑑 is the disturbance torque, 𝜔 is the spin rate, 𝐼𝑧 is the
moment of inertia along the long-axis and 𝐼𝑥 is the moment of inertia
along the short axis. Fig. 19 shows the nutation angle as a function of
the spin rate for different disturbance forces upon release.From Fig. 19
we see that we must minimize the disturbance force at the release,
otherwise even fast spin rates will still result in average nutation angles
between 5◦-10◦.

As discussed in Section 3, the beacons should be dispersed in two
concentric circles of 0.5 and 3 km in radius. In order for the beacons
to impact at reasonable speeds they must be released from a maximum
height of 10 km. To achieve the radius of 3 km for the outer circle from
a deployment altitude of 10 km the beacons need a horizontal velocity
of 27.5 m/s. This results in an attack angle of 8.6◦.

To increase the time allowed for the horizontal movement and thus
decrease the necessary horizontal speed, an ‘approach and accelerate’
maneuver could be performed. The sequence is illustrated in Fig. 20.
At point 1 the deployer spacecraft comes to a stop at a 3 km altitude
and ignites its main engine to accelerate upwards while initiating spin-
up. After 10 s an angular velocity of 10.86 rad/s is reached, and the
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Fig. 20. Penetrator release sequence illustration. At point 1 the deployer spacecraft
comes to a stop and burns the main engine to accelerate upwards. At point 2 the outer
ring of beacons is deployed. At point 3 the inner ring is deployed. Point 1, 2 and 3
lies in the same plane.

Fig. 21. Slope map of the Shackleton crater with the SR1 landing site (lower left
image) and zoomed in view with concentric circles with 𝑟1 = 0.5 km and 𝑟2 = 3.0 km.
The resolution is 40 m × 40 m. The Z axis is the slope angle in degrees.

outer circle of beacons is released (at point 2 in Fig. 20). The deployer
spacecraft continues upwards to an altitude of 10 km and then starts
falling to the surface. At point 3 in Fig. 20 the inner circle is released.

The attack angle is not the only angle to consider. The impact angle
(angle between the ground plane and the velocity vector) influences
the penetration as well. Fig. 21 shows a slope map around the landing
area. It is clear from Fig. 21 that especially the beacons on the outer
circle will impact areas with a prominent slope.

The maximum slope allowed will be determined by the final pen-
etrator design. The lunar penetrator ELUPE mission found, through
Monte-Carlo simulations, that the success rate for their penetrator was
58.5% at a surface slope of 20◦, and 74.2% for a slope of 10◦ or
lower [24]. Fig. 22 shows maps of SR1 with thresholded values for
the slope angle. Yellow marks areas where the slope is bigger than the
specified 8◦, 15◦, 20◦ and 30◦.

From Fig. 22 it is clear that if the penetrators are destroyed if the
slope is greater than 8◦ then the whole system and deployment method
must be re-evaluated for this landing site as very few beacons would
survive. At 15◦ a substantial part of the beacons would be lost but at
20◦ and 30◦ only the beacons that fall within the crater itself would be
lost.
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Fig. 22. Slope maps of the SR1 landing site with concentric circles (red) 𝑟1 = 0.5 km
and 𝑟2 = 3.0 km. Yellow areas marks where the slope is bigger than the specified 8◦

(upper left), 15◦ (upper right), 20◦ (lower left) or 30◦ (lower right). (For interpretation
of the references to color in this figure legend, the reader is referred to the web version
of this article.)

Fig. 23. Number of beacons that survive as a function on deployment error in the +x
direction (towards Shackleton crater).

Assuming that the penetrators can survive penetrating a slope of
30◦ we can calculate the number of beacons that survive as a function
of deployment error in the +x direction (towards the crater). See
Fig. 23.

As introduced in Section 3 we will expect to loose at least three
beacons if the constellation is deployed exactly as planned. An error
of just a few hundred meters in the direction of the crater will rapidly
lead to loosing several beacons. Although this seems severe, the circular
shape has the benefit that surviving beacons form concentric ‘‘C-
shapes’’ and this preserves some of the beneficial geometry for keeping
the DOP-values low. With just 6 beacons (two close to the landing site
and four in a larger ‘‘C’’) the PDOP is still below 5 for the approach
phase. During the breaking phase it is however 50-70. The ultimate
limit is determined by when there is less than 4 beacons remaining.
This is the case if the beacons are deployed with an error of 1.2 km in
the direction of the crater.

The PDOP values would be improved significantly (below 5 at all
ranges) if the beacons were dispersed around the entire rim. This would
however increase the risk of losing beacons in the crater and with
the ∼11 km diameter circle dispersion, the beacons would need to be
released from a much higher altitude or with a much higher horizontal
velocity–both options would decrease the survivability of the beacon.
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The lander would also have less visibility of the beacons just before the
final vertical descent.

7. Conclusion

A key challenge for radiometric navigation based on surface ra-
dio beacons is how to deploy and maintain the beacons relatively
efficiently. In this paper we have presented a novel solution based
on beacons designed as penetrators which has three advantages: (1)
the beacons can be deployed all at once from a precursor lander or
lunar hopper mission, (2) the buried components are protected from
the harsh lunar environment and (3) the beacons can autonomously
generate power using thermoelectric generators TEGs.

We have analyzed and identified key challenges associated with this
solution using the ‘SR1’ landing site on the Lunar South Pole as our use
case. SR1 is a prime candidate for prolonged surface exploration but it
is also one of the most challenging areas for landing as it is located on
a very narrow crater rim. The topography is the primary limiting factor
for any localized, surface beacon system at this location.

Using dilution of precision (DOP) calculations we found that the
optimal placement of the beacons at SR1 is in a constellation of two
concentric circles of 3 km and 0.5 km radius, each consisting of 8
beacons. The DOP analysis showed that it is possible to meet positional
error requirements from literature of a 10–100 m just before vertical
descent and a 50–100 m error during the approach phase if the User
Equivalent Range Error (UERE) remains below 10 m and the beacons
are deployed with minimal error. The solution is robust against an
uncertainty in the beacon deployment of up to 1 km as long as all
beacons remain operational. However, it was shown that deploying
the beacons with an uncertainty of just a few hundred meters in the
direction of the Shackleton crater will result in loosing beacons. With
13 operational beacons the positional error requirements can still be
met and even with just 6 beacons left the DOP at the final approach
phase is still below 5.

The driving factors for improving the navigation accuracy is the
geometry of the beacons, the number of active beacons and the UERE.
The first factor is determined by how many beacons survive the
impact into the lunar regolith and for how long the beacons remain
operational. The UERE is influenced by the uncertainty on the position
of the beacons and the design of the beacons and lander.

It was shown that a precursor lunar lander could deploy the beacons
to the desired constellation using a method of spinning up to high
angular velocities before releasing the beacons on wires to achieve both
radial dispersion and passive spin stabilization. The beacons could be
delivered in the desired constellation with impact velocities between
180 and 200 m/s – optimal for achieving a penetration depth of at
least 1 m without destroying the penetrators upon impact. It was shown
that the topography at the SR1 landing site prevents communication
between the beacons. This presents a challenge to all dispersed systems
of surface beacons at this location and will impact the decision on
whether beacons are the right solution.

Large uncertainties on the exact composition of the lunar regolith
at the south pole is a design-driver for a two-part penetrator with
an umbilical cord in order to increase the chance of achieving both
an adequate impact depth and ensuring that the aftbody and antenna
stays above the surface. At the SR1 landing site we found that it is
theoretically possible to generate up to 0.37 W of power using the
temperature gradient between the varying surface temperature and the
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constant subsurface temperature at 1 m depth.
8. Future work

Penetrator beacons are a niche concept with limited practical ex-
perience. The dynamics of a spinning two-part penetrator impacting
the Lunar surface, the failure probability of the umbilical cord and
other components and the maximum allowable attack angle should
be determined by CFD simulations in combination with controlled
experimental tests. Furthermore, more work is needed on the TEG
power generation and methods for insulating components to determine
how long the penetrators can operate at each location of the beacon
constellation.

A full mission scenario should be simulated with detailed analysis of
different trajectories and approach directions using dedicated software.
The GN&C system should be detailed, and the uncertainty of the de-
ployment accuracy should be quantified. It would also be very relevant
to build an experiment to test the network and quantify errors in the
system.
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