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ABSTRACT

Lunar navigation and communication satellite systems are now recognized as important infrastructure
for more efficient lunar exploration. While establishing a full constellation system will take several more
years, lunar surface explorations are already becoming more active. To address the immediate demand for
positioning and communication relay, especially in the South Pole region, a nimble technology demonstra-
tion mission named Lunar Navigation CubeSat (LunaCube) has been proposed. Following the completion of
preliminary design in 2021 and detailed design in 2022, the engineering model was developed in 2023. This
paper presents updated orbit analysis that considers trade-off between orbit maintenance costs and posi-
tioning accuracy in low lunar orbits. Additionally, this paper details the development results of engineering
models for components, such as the lunar navigation transmitter and the store-and-forward radio. It also

summarizes the results of the system’s environmental tests.

INTRODUCTION

To date, a significant number of lunar explo-
ration missions are under development across both
governmental and commercial sectors. Many of
these missions focus on scientific observations or re-
source exploration on the lunar surface. As a result,
a precise navigation system localized to the Moon
will be required for the lunar surface vehicles, such
as rovers.

A multi-user navigation platform, such as a
global lunar navigation satellite system (LNSS), is
considered key to supporting a wide range of on-
surface transportation activities simultaneously. For
this purpose, several global LNSS missions, compris-

ing constellations of navigation satellites around the
Moon, have been conceptualized, including LCRNS
by NASA,' Moonlight by ESA,2 and LNSS by
JAXA .3 While it is expected that their services will
be fully functional in the late 2020s, many missions
are set to begin on-surface exploration even before
then.

To address the immediate demand for posi-
tioning and communication relay especially in the
South Pole region, a nimble technology demonstra-
tion mission named Lunar Navigation CubeSat (Lu-
naCube)? has been proposed. This mission, funded
by the Japanese Ministry of Education, Culture,
Sports, Science, and Technology, has progressed
through preliminary design in 2021, detailed de-
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sign in 2022, and the development of an engineering
model in 2023.

The LunaCube is a dual-satellite lunar naviga-
tion system that employs the multi-epoch double-
differenced pseudorange observation (MDPO) algo-
rithm.? The MDPO process involves collecting pseu-
dorange measurements between two lunar orbiters
and both the user and surface reference receivers.
Through the double-difference observation process,
the influences of satellite orbit determination (OD)
errors and satellite clock offset on user positioning
accuracy are significantly eliminated. This reduces
the reliance on high-standard onboard clocks that
require high power. Consequently, it enables the use
of small-sized satellites, achieving a 50-meter user
positioning accuracy with just a one-minute obser-
vation by placing two 6U satellites in a low lunar
orbit (LLO).

Overall, the distinct advantages of this approach
include the use of small-sized satellites, a short ob-
servation period, and accuracy sufficient for many
mission applications. Thus, this navigation option is
not only easy to establish and useful for supporting
early-phase surface missions, but it can also provide
additional regional coverage and serve as a backup
for other global navigation systems.

One of the primary design considerations for the
LunaCube satellite is their orbits because the rel-
ative position of the two satellites has a huge im-
pact on the positioning accuracy in the MDPO al-
gorithm.>  Several groups have studied position-
ing algorithms that reduce the number of satellites
required for positioning services.®>® However, to
the best of our knowledge, no research has been
conducted on orbit optimization specifically for the
dual-satellite LNSS.

Previous research on lunar orbit design and op-
timization have predominantly focused on higher
orbits to increase service coverage and reduce or-
bit maintenance costs. Examples include halo or-
bits,'016 frozen orbits,'>16°1° distant retrograde
orbits, 111416 and inclined circular orbits.!2:20-24
However, these approaches are not directly appli-
cable in LLO where the gravity anomaly has a sub-
stantial impact on satellites’ orbits.

In terms of the astrodynamics in LLO, SELeno-
logical and ENgineering Explorer (SELENE)?> and
Lunar Reconnaissance Orbiter (LRO)?® required a
significant amount of Delta-V to exploit the evo-
lution of eccentricity e and the argument of per-
ilune w. On the other hand, Korea Pathfinder
Lunar Orbiter (KPLO) proposed an orbit mainte-
nance method called scheduled circularization con-
trol (SCC),%7 successfully reducing Delta-V by using

a simple Hohmann transfer. The SCC method is ap-
plied to this specific mission, with its scope expanded
to include relative position control.

The detailed design results of the LunaCube has
been published earlier. This paper provides incre-
mental updates including the orbit analysis and the
progress of the engineering model development.

MISSION OVERVIEW

The dual-satellite positioning algorithm used
for LunaCube is the MDPO.> The MDPO utilizes
double-differenced observation using a reference sta-
tion on the lunar surface. It eliminates the clock
errors of the rover, the reference station, and the
satellites. Therefore, the clock stability requirement
is relaxed for both satellites and rovers, enabling
the use of small-sized satellites for navigation ser-
vice, and it is suitable for the early phase rovers.
The double-differenced observation also reduces user
position estimation errors caused by uncertainties
in satellite OD. This is critical in reducing depen-
dence on ground stations during mission operations.
It is worth noting that pseudorange measurements
observed at the reference station are to be trans-
ferred to the rovers for double-difference observation.
Therefore, LunaCube satellites carry not only lu-
nar navigation systems (LNS) transmitters but also
store-and-forward (S&F) radios. It is also worth
noting that the MDPO is a relative navigation al-
gorithm, and the position of the reference station
should be pre-known.

Furthermore, the MDPO utilizes multi-epoch ob-
servations to reduce the minimum number of satel-
lites required for the navigation service from four
to two. To estimate the three-dimensional position
of rovers, at least three epoch observations are re-
quired. When the digital elevation model (DEM)
of the lunar surface is available during the estima-
tion process, the required number of observations
decreases from three to two. In this paper, position-
ing is performed based on two observations taken
at 30-second intervals within the first minute, fol-
lowed by the assumption that the rover moves during
the next 30 seconds. This 90-second process is re-
peated during the approximately 10 minutes when
both satellites are simultaneously visible from the
rover.
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Figure 1: Overview of orbit propagator and positioning simulator.

ORBIT SELECTION

Overview

For lunar navigation in the South Pole region,
placing the apolune in the Moon’s southern hemi-
sphere would maximize visibility of that area. How-
ever, in elliptical orbits, the satellite’s angular ve-
locity is low near the apolune when viewed from the
lunar surface, leading to poor dispersion of satellite
positions over time.

This limitation is particularly critical for the
MDPO algorithm, which relies on significant satel-
lite movement between multi-epoch observations to
enhance positioning accuracy. In contrast, a circu-
lar orbit ensures consistent satellite dispersion over
time from the South Pole.

Therefore, a low lunar circular orbit is selected
for the LunaCube. LLO is chosen, leveraging the
limited power of a 6U CubeSat to provide a naviga-
tion service for the lunar surface.

Models and Methods

In this research, two primary requirements de-
rived from the LunaCube mission and systems de-
sign were considered: the amount of fuel to bring
and the desired user positioning accuracy.

The MDPO algorithm requires continuous vis-
ibility of two satellites from the rover over a spe-
cific period for positioning. Thus, it is essential to
maintain a low value for the mean anomaly differ-
ence, AM, between the two satellites through orbit
maintenance. The total fuel required for the mis-
sion duration must be minimized as the 6U Cube-
Sat has a limited fuel capacity. In this research, the
total delta-V required for the mission period is rep-
resented as Av and is used as the metric.

The relative positions of the two satellites vary,
altering their visibility from the user’s perspective.
The geometric arrangement of satellites is indicated

by the dilution of precision (DOP), and DOP deter-
mines the user positioning accuracy. The LunaCube
mission requires a horizontal user positioning accu-
racy of less than several tens of meters. This study
employs the user positioning error (UPE) as the met-
ric to meet this requirement. The UPE represents
the horizontal Euclidean distance averaged over the
entire mission duration and is expressed as 2drms
(twice the distance root mean square). The expres-
sion for the DOP and UPE in the MDPO algorithm
is provided in our previous paper.®

Since Av and UPE have a trade-off relationship,
they must be optimized simultaneously. A lower or-
bital altitude improves signal reception and UPE,
whereas a higher orbital altitude decreases the ef-
fect of the higher-order gravity of the Moon that
dominates in LLO, thereby reducing the Av for or-
bit maintenance.

A performance index is defined to balance out
two trade-off metrics. The performance index J is
described as

min J = k,Av + k,UPE (1)
OE

where k, and kj; are user-set constants to weight Av
and UPE. In this study, the aim is to optimize the
dual satellites” orbit elements (OE). When inserting
into the same circular orbit, the three OE considered
are semi-major axis a, the inclination 7, and AM.
Figure 1 shows the relationship between the op-
timization target and the objective variables. The
SCC method is extended to control the relative po-
sition between two satellites. In LLO, e and a vary
due to the Moon’s rotation period. Therefore, the
SCC method aims to revert the satellite’s orbit to
circular after every lunar rotation period. In the
MDPO algorithm, it is crucial to maintain the rela-
tive position of the dual satellites. Thus, the target
semi-major axis Giqrget for each orbit maintenance
is adjusted to maintain the phase difference between
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Table 1: Sources of error for the numerical simulation (10).

Error Type Value Unit
Thrust Error Magnitude Avmag — white noise 1.67 %
Thrust Error Direction Avg;, white noise 3.33 deg

OD Error AX®op
(Radial, Along, Cross)

white noise

systematic noise

(3.3,33.3,33.3) m
(20, 200, 200) m

Observation Error n white noise 0.5 m
bias noise 0 m
Time Tag Error AX®pp bias noise 1 ms
random walk le-8 ms/min
DEM Error white noise 10 m
systematic noise 5 m
Range measurement resolution 0.4 m

the two satellites close to the nominal value AM.

Numerical Simulation Settings

A simulator incorporating precise orbital dynam-
ics and perturbations for numerical optimization has
been developed. Orbit propagation was performed
over the mission period based on the initial OE while
considering thrust and OD errors. The mission pe-
riod was set for one year. In the orbit propaga-
tor, the Orbit Determination Toolbox developed by
NASA Goddard Space Flight Center was used. The
GL0660B gravity model up to the 20th degree and
order was used for the Moon. The third body attrac-
tion of the Sun and the Earth was also considered.

The weight parameters in Eq. 1 were set to
ko, = 1/24.5 and k;, = 1/100 based on the Av budget
of DVT and the target positioning accuracy in the
LunaCube mission. The initial rover and lander po-
sitions are at the South Pole, and rover moves 3.75 m
between two positioning. The rover’s movement di-
rection is assumed to change randomly by selecting
from —%,0, or ¥ relative to its previous direction.
The minimum elevation angle was set at 5 degrees
to prohibit detrimental observations.

Table 1 summarizes the other user-set variables
used in the numerical simulations. The thrust
AVmag, Avgsr, and OD AX?op errors were set based
on the previous analysis?® and the in-flight data.?® Tt
is important to note that the systematic noise of OD
errors is derived from the satellite’s navigation mes-
sage and only affects positioning calculations. Ob-
servation errors 7 consist of both white noise and
bias noise. The white noise was set as 0.5 m/s. The
main source of bias noise in 7 is multipath, and on
the lunar surface, multipath is primarily caused by

reflections. By designing the antenna to avoid re-
ceiving signals from the lunar surface, multipath ef-
fects can be minimized, allowing the bias noise to
be set to 0. Time tag error AX*pr and range mea-
surement resolution values were set according to the
previous study.?

This study compared 80 candidate orbits, con-
sidering different combinations of h, i, and AM as
shown in Table 2. It is worth noting that h can be
calculated by subtracting the Moon’s radius from a.

Table 2: 80 candidate orbits for a grid search.

Parameter Value Unit
h 100, 200, ..., 500 km
7 70, 75, 80, 85 deg
AM 5, 10, 15, 20 deg

Numerical Simulation Results

Figure 3 shows UPE calculated for each orbit.
Positioning was not performed when both the orbit
h and ¢ were low because the simultaneous visibility
duration of the two satellites was less than the time
needed for multiple observations. Figure 4 shows
each orbit’s performance index J.

Table 3 summarizes five orbits with the lowest
performance index J among the candidates. It has
been confirmed that orbits with a small performance
index J typically have an h of 200 or 300 km, a Av
of approximately 7.3-11.5 m/s, and a UPE of around
16.4-32.8 m.
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Figure 2: Satellite overview.
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Figure 3: UPE [m] calculated for each orbit.
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Figure 4: The performance index J calculated
for each orbit.

Table 3: Five orbits with the lowest perfor-
mance index J among the candidates.

S&F, LNS

BAT
PCU/PDU
CSAC
XTRP
Tx-LGA
Rx-LGA

+Y
+X
R
+Z

DVT
4
h [km] i[deg] AM [deg] Av[m/s] UPE [m] J
300 75 10 7.3 32.8 0.6
200 75 20 11.5 16.4 0.6
200 75 15 11.5 16.6 0.6
Discussion

The numerical simulation results offer critical in-
sights into the effects of each OE parameter. One
key finding, shown in Figure 3, is that the position-
ing accuracy worsens with increasing values of h. As
the satellite’s altitude increases, the satellite’s angu-
lar velocity as seen from the user decreases, which
worsens the horizontal DOP. In this paper, the stan-
dard deviation of observation error is fixed. How-
ever, if the deterioration of the signal-to-noise ra-
tio due to the increasing distance between the satel-
lite and the user is considered, the degradation in
positioning accuracy with higher satellite altitudes
would be even more severe.

The results also underscore the importance of
considering orbit maintenance costs when identify-
ing optimal orbits. While orbits at an altitude of
100 km could be considered optimal based solely on
UPE, their high orbit maintenance costs rule them
out, as shown in Table 3.

Notably, the findings indicate that strict con-
trol of the absolute position of satellites is not es-
sential for the LunaCube mission, which employs
the MDPO algorithm. Even with orbits deviating
slightly from the optimal in terms of a, i, or AM,
the UPE remains within several tens of meters and
Av stays below 24.5 m/s, satisfying the LunaCube
mission’s requirements. The priority should be con-
trolling the relative positions between satellites to
maintain geometric dispersion from the lunar sur-
face, which can be achieved with simple orbit main-
tenance expanded from SCC.
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SPACECRAFT SYSTEM DESIGN AND
ENGINEERING MODEL DEVELOPMENT

This section provides an overview of the system
design as well as the engineering model test results,
which are published for the first time.

System

The overview of LunaCube is shown in Figure 2.
Its size is 100 x 226.3 x 366 mm? and its wet mass
is less than 14 kg. The systems diagram is shown in
Figure 5.

LNS Transmitter

The LNS transmitter, based on software defined
radio (SDR), allows for flexible adjustments to fre-
quency and modulation methods, enabling compat-
ibility with other global navigation systems in later
phases. The design of the LNS transmitter was car-
ried out with the assumption that the frequency of
the lunar navigation signal would be in the S-band
(2483.5-2500.0 MHz) as recommended by the Space
Frequency Coordination Group. For the precise time
synchronization required for the positioning signal,
a Chip-Scale Atomic Clock (CSAC) is used.

The basic design of the positioning transmit-
ter has been completed, and as shown in Figure
6, a prototype has been developed. The prototype
has passed radiation tests, confirming functionality
in cislunar environments. Additionally, it has un-
dergone vibration testing (12.6 Grms, 80 seconds)
and thermal vacuum testing (low temperature -10°C,
high temperature +50°C), confirming its integrity.

RCT-nozzle x 4
AOBC DVT-nozzle x 1

Figure 6: Prototype of the LNS transmitter.

Store-and-Forward Radio

To provide a communication relay service for
rovers and a reference station, a S&F radio, devel-
oped from the heritage of the LoRa module, is in-
stalled. This technology was previously employed
in missions such as TRICOM-1R, launched in 2018,
demonstrating the ability to receive signals on the
satellite with just 8 mW of ground transmission
power. The S&F radio has already completed the
manufacturing of the engineering model and the an-
tenna pattern testing, as shown in Figure 7.
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Figure 7: Engineering model of the store and
forward radio.

AOCS

The ADCS consists of a star tracker (STT), four
sun sensors (SSs), a gyroscope (GYRO), and three
reaction wheels (RWs). They are selected to satisfy
attitude determination and control requirements in
all modes of operation and their specifications are
summarized in Table 4.

The propulsion system uses water propellant re-
sistojet thrusters, which are a customized product
based on the AQUA Reslstojet propUlsion System
(AQUARIUS).2% It consists of one DVT for orbit
maintenance and four RCTs for angular momentum
management. The specifications of the propulsion
system is summarized in Table 5. 500 g of water
is allocated for orbit maintenance and it is enough
for a two-year mission as shown in the previous sec-
tion. 400 g of water is allocated for angular momen-
tum management. Based on the disturbance torque
calculation, accumulated angular momentum is esti-
mated to be about 0.003 Nms/day. When the cant
angle is 30 degrees, Isp is 58.4 sec, and the arm
length around the z axis is 100 mm, the required fuel
for two years to manage the angular momentum is
calculated as 0.1 kg. Therefore, the fuel amount is
confirmed to be sufficient.

Table 4: ADCS specification.

Components Specifications

RW Momentum 30.6 mNms
Max torque 2.3 mNm

STT Cross-boresight accuracy 15 arcsec (1o)

Around boresight accuracy 90 arcsec (1o)

SS Field of view 4+ 60 degrees
Accuracy < 0.5 degrees

Gyro Bias stability < 0.3 degrees/h
Angle random walk < 0.15 degrees/v'h

Range > £ 200 degrees/s

Table 5: Propulsion system specification.

Specifications DVT RCT
Thrust level [mN] 4.0 1.0
Isp [s] 70 > 50
Fuel [g] 500 400
Cant angle [degrees] 0 30

Figure 8: Engineering model of the ADCS
module.

Power

The solar array panel (SAP) has a cell string con-
figuration of 7-series/6-parallel on the front side and
T-series/4-parallel on the back side. After SAP de-
ployment, the maximum power generation when di-
rectly facing the Sun is 50.8 W. The battery consists
of lithium-ion cells arranged in a 3-series/2-parallel
configuration, with a capacity of 77.7 Wh. During
steady-state operations, the power consumption is
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20.6W, and power analysis results confirmed that
the power balance is adequately maintained.

The average power generation in a tumbling state
is 12.2W. Even if the satellite enters a tumbling
state, power consumption can be reduced to 9.83W
by turning off the attitude control system compo-
nents and reducing the XTRP transmission duty
cycle to 1/6. By entering this safe mode, it was
confirmed that the power balance is maintained, en-
suring operational sustainability even with a loss of
attitude control.

Telecommunication

The telecommunication system of the LunaCube
mainly consists of a legacy XTRP from the EQU-
ULEUS mission,3! two Rx low gain antennas (Rx-
LGA), four Tx low gain antennas (Tx-LGA), one
middle gain antenna (Tx-MGA), hybrids (HYB),
and RF switches, which are connected as shown in
Figure 9. Rx-LGAs are installed on + Z, and any
attitude assure at least 256 bps according to link
budget analysis. Tx-LGAs are installed on + X and
+ Z. Each pair is combined through a HYB, and it
is switched through an RF switch.

XsW
[XLPF-1 |
XTX-MGA Ny
XTX-LGAT %—D E =
XTXL6A2 %—E _ -
XTX-L6A3 %-U Rx
XTX-LG A4 %‘U R
—0
XRX-LGAT ’>
XRX«LGAZ’>
Figure 9: Telecommunication system dia-
gram.
Thermal

Numerical simulations for steady and transition
states are conducted to analyze thermal conditions.
In lunar orbits, the angle between the Sun’s direc-
tion and the orbital plane 8 changes gradually due
to perturbations, affecting the satellite’s exposure to
the Moon’s infrared radiation. Thermal analysis has
revealed that the satellite’s temperature decreases as
the solar angle 3 approaches 90 degrees and increases
as it approaches 0 degrees. Based on the variations
in distance between the Sun and the satellite and the
lunar surface environment, the possible values for
the solar constant and albedo are determined. Then,
the worst-case high temperature condition was de-
fined as a solar angle [ of 0 degrees, a solar constant

of 1421 W/m?, and an albedo of 0.2. The worst-case
low temperature condition was defined as a solar an-
gle B of 90 degrees, a solar constant of 1315 W /m?,
and an albedo of 0.07. In both scenarios, it was con-
firmed that all components are maintained within
the acceptable temperature range.

Temperature transitions during lunar eclipses
have also been calculated. During a lunar eclipse,
assumed to last 5 hours, the temperature of each
component drops to approximately -10 degrees Cel-
sius as shown in Figure 10. However, all compo-
nents were confirmed to remain within their accept-
able temperature ranges.

40
/.  LunarEclipse
30 AN
~ / \\ “‘c‘ \ /
520 NN -’
< \/ I f\/
o i \""/
<4 /
£ 10 \ N
o} [N/,
g « I\
2 0 < —RCS
\ ] —BAT
-10 LNSS
XTRP
20 :
0 10000 20000 30000 40000 50000 60000
Time [sec]

Figure 10: Temperature transitions during 5
hours lunar eclipse.

System Integration

The integration of engineering model was com-
pleted as shown in Figure 11.

Figure 11: The integration of the engineering
model.

Thermal vacuum testing of the engineering
model was conducted, as shown in Figure 12. The
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results of operational tests at a low temperature of
-10°C and a high temperature of +50°C confirmed
the integrity of the satellite engineering model under
thermal vacuum conditions.

Figure 12: The configuration of thermal vac-
uum testing.

Vibration testing of the engineering model was
also conducted, as shown in Figure 13. The results
confirmed that there are no issues with the engineer-
ing model’s design.

Figure 13: The configuration of thermal vac-
uum testing.

CONCLUSION

This paper presents the mission design of 6U
dual-satellite lunar navigation and communication
system, LunaCube. The orbit selection showed that
the navigation accuracy and orbit maintenance cost
requirement is satisfied with low lunar orbits. The
system design confirmed that each subsystem sat-
isfies requirements to provide lunar navigation and

communication service in low lunar orbits. In addi-
tion, this paper presents the engineering model de-
velopment results. They cinfirmed the functionality
of the system in cislunar environments.

LunaCube has progressed through preliminary
design in 2021, detailed design in 2022, and the
development of an engineering model in 2023. Lu-
naCube is currently exploring rocket launch options
to lunar orbit as it transitions to the development of
the flight model.
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