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Abstract

There has been a growing interest in using small satellites (SmallSats) for a
future lunar navigation and communication satellite system (LNCSS). We con-
ceptualize the design of a SmallSat-based LNCSS with Earth-global positioning
system (GPS) time transfer that provides navigation and communication ser-
vices near the lunar south pole. A hybrid constellation design is formulated,
wherein all satellites provide navigation services while only a fraction are
communication-enabled. Using Systems Tool Kit software, we examine various
LNCSS case studies based on an elliptical lunar frozen orbit with a lower-grade
chip-scale atomic clock. Case studies are evaluated in terms of (1) navigation
considerations, including position and timing accuracy, lunar user equivalent
ranging error, and dilution of precision, (2) communication considerations,
including data volume, availability, and data rate, and (3) SmallSat factors,
including cost, size, weight, and power. We performed a trade-off analysis for
satisfying the criteria outlined by international space agencies while designing
low-cost, low-SWaP lunar constellations.
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1 | INTRODUCTION

We are entering a second space race, with an emerging priority of the global
exploration community to establish a sustainable human presence on the
Moon. Moreover, more than 140 lunar missions are being planned for the next
decade by international space agencies and commercial space companies, such
as SpaceX, Rocket Lab, Argotec, and Blue Origin (Cohen et al., 2020; Tai et al.,
2020). Among these missions, some notable ones include the National Aeronautics
and Space Administration (NASA) Artemis mission, the China National Space
Administration’s Chinese lunar exploration program, and the European Space
Agency (ESA) European large logistics lander project. To support upcoming plans
for both human and robotic activities on the lunar surface, reliable, real-time navi-
gation and communication services are crucial.

Active efforts are being invested in designing a dedicated satellite constellation
for the Moon. As outlined in NASA’s Space Communication Architecture Working
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FIGURE 1 Example design choices, namely, the satellite clock, constellation size, and orbit,
to be finalized during the design of a SmallSat-based LNCSS

Group (SCAWG) report (National Aeronautics and Space Administration, 2006) and
NASA’s preliminary lunar relay services requirements document (SRD) (National
Aeronautics and Space Administration, 2022), these lunar satellites will provide
navigation and communication signals for missions in the south pole region in the
near future and for the broader lunar surface (global coverage) in the long term.
The Moon’s south pole region (comprising southern latitudes greater than 80°
(National Aeronautics and Space Administration, 2022)) is a key region of interest
(Flahaut et al., 2020), given the recent discovery of water ice deposits in its perma-
nently shadowed craters, such as Shackleton, Shoemaker, Faustini, and Haworth.
To provide satellite-based navigation and communication services, NASA has con-
ceptualized the LunaNet framework (Israel et al., 2020), and the ESA has begun
work on its Moonlight initiative (Cozzens, 2021). Additionally, an Italian space
company called Argotec and NASA’s Jet Propulsion Laboratory are collaborating
on a lunar constellation concept called ANDROMEDA. NASA has also expressed
interest in using a small satellite (SmallSat) platform for the future lunar constella-
tion, as SmallSats are cost-effective, easily scalable, and rapidly deployable (Israel
et al., 2020). We refer to the dedicated lunar constellation providing navigation and
communication services as a lunar navigation and communication satellite system
(LNCSS).

Our work focuses on designing a SmallSat-based LNCSS that serves the lunar
south pole region while considering the following design criteria: i) adequate accu-
racy of user position and receiver clock timing and ii) sufficient daily volume of
communication data transfer to/from Earth. Note that the long-term goals of the
LNCSS include global availability of these services and communication connectiv-
ity among lunar assets, which will be addressed in future work. Given that lunar
constellation initiatives are in their preliminary stages, many key design consider-
ations are yet to be finalized. Some examples of design considerations, as shown in
Figure 1, include the satellite clock, constellation size, lunar orbit, and so on. For
example, because the Moon has an anisotropic gravitational field, a potential lunar
orbit investigated in recent literature (Ely & Lieb, 2006) is the elliptical lunar fro-
zen orbit (ELFO). This interest has arisen because ELFOs minimize sensitivity to
external perturbations for providing persistent, stable coverage to either the north

or south pole with no requirement for station-keeping, i.e., AV, s © 0

1.1 | LNCSS Constellation Design Criteria and
Performance Metrics

The navigation service performance of a SmallSat-based LNCSS design can be
analyzed using various metrics, including the following (National Aeronautics and
Space Administration, 2006, 2022):
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+ Lunar user equivalent ranging error (UERE): Quantifies the ranging accuracy
of transmitted satellite signals

» Geometric dilution of precision (GDOP): Evaluates the geometry of LNCSS
satellites with respect to the lunar user, which in turn affects the expected
position and timing error covariances

+ Navigation service availability: Denotes the percentage of time during which
a navigation solution can be estimated for a lunar user at a given point on the
Moon (equivalent to the percent visibility of at least four LNCSS satellites)

 Navigation service coverage: Denotes the percentage of area of the lunar south
pole at which navigation services are available

 Navigation service failure tolerance: Denotes the navigation service availability
for a lunar user at a given point on the Moon, under a single-satellite failure
(equivalent to the percent visibility of at least five LNCSS satellites)

Similarly, one can evaluate the communication service performance of an LNCSS
design in terms of various metrics, including the following (National Aeronautics
and Space Administration, 2006, 2022):

« Data rate: Denotes the rate of communication data transfer between the lunar
user and Earth

« Communication service availability: Denotes the percentage of time for which
a communication link between a lunar user and Earth can be maintained
(equivalent to the percent visibility of at least one LNCSS satellite)

« Communication service coverage: Determines the percent area of the lunar
south pole at which communication services are available

« Communication service failure tolerance: Denotes the communication service
availability for a lunar user (at a given point on the Moon), under failure of any
one satellite (equivalent to the percent visibility of at least two LNCSS satellites)

Additionally, other SmallSat factors influencing the LNCSS design are as follows:

« Delta-V for station-keeping: Denotes a measure of orbital stability, i.e.,
maneuvers required to maintain the desired orbit in the presence of higher
perturbations due to the weak lunar gravity field and the strong third-body
perturbations from Earth

« Size, weight, and power (SWaP) of the onboard equipment: Accounts for the
limited payload capacity of the SmallSat platform

« Opverall cost: Accounts for one-time costs and recurring costs
Note that one-time costs include the development cost of a satellite and its
onboard equipment, launch costs from Earth, and injection costs for inserting
a satellite into a lunar orbit from a transfer orbit. Recurring costs include
the production costs of an entire constellation, replacement costs of end-
of-mission-life satellites, maintenance costs related to health checks, and
operation costs such as costs related to the Deep Space Network (DSN)-based
tracking network (if relevant), uplink of corrections to onboard timing, and
ephemeris (if relevant).

Note that this work’s focus is on assessing which design considerations influence
satellite-level and constellation-level choices, whereas accounting for other factors,
such as hardware design, link budget, signal strength, and lunar user burden, will
be explored in future works.
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| Preliminary Design and Performance Requirements

Although NASA has outlined key design criteria and performance consider-
ations for a future LNCSS, no well-defined quantitative standards currently exist.
However, some preliminary needs have been identified by international space
agencies and commercial space companies based on future lunar mission needs.
For instance, the global exploration community targets a three-dimensional (3D)
positioning accuracy below 50 m to be provided by the lunar satellite constella-
tion (Cozzens, 2021). Moreover, the NASA SRD (National Aeronautics and Space
Administration, 2022) quantifies the desired knowledge of 3¢ horizontal position
for lunar surface users to be less than 10 m and 3¢ timing to be within 0.1 ms.
Additionally, the real-time knowledge onboard any LNCSS satellite is expected to
be within a 1o position of 4 m, 1o velocity of 0.4 m/s, and 1o timing of 20 ns
(National Aeronautics and Space Administration, 2022). Furthermore, in terms
of communication service reliability, the daily data volume between a lunar user
and Earth is prescribed to satisfy > 160 GB (Rimani et al., 2021), 240-2400 GB
(European Space Agency, 2021), or at least 600 GB (Schier, 2022). For refer-
ence, the daily volume of data transmitted by the Lunar Reconnaissance Orbiter
(LRO), which was launched in 2009, is 461 GB (National Aeronautics and Space
Administration, 2009). In addition, the high data rate services for the return link
(i.e., lunar user to Earth) are expected to be 5-100 Mbps (National Aeronautics and
Space Administration, 2022).

1.3 | Related Work

There exist rich preliminary studies on the design of future lunar constellations.
However, these prior works do not explore all of the navigation and communica-
tion design criteria and performance metrics from a SmallSat perspective, as out-
lined in Section 1.1.

With regards to the lunar constellation design, the authors of Murata et al. (2022)
designed an ELFO-based constellation, wherein they assess the navigation perfor-
mance at the lunar south pole using the dilution of precision (DOP), satellite visibil-
ity, and position accuracy. To provide global lunar coverage, prior works (Pereira &
Selva, 2020, 2022) have investigated design trade-offs among various constellations
with near-circular polar orbits and frozen orbits by evaluating their DOP, position
accuracy, delta-V, and overall cost. In Nallapu et al. (2020), the authors designed
a halo-orbit-based lunar constellation to address only communication-related
requirements, namely, coverage, synchronization, and received power. Another
orbital study (Iannone et al., 2021) investigated the navigation service performance
of Walker orbits and ELFOs in terms of availability, DOP, and SmallSat factors,
namely, station-keeping needs and overall cost. In Thompson et al. (2010), the
authors discussed preliminary criteria related to navigation and communication
for lunar constellations based on frozen and halo orbits. Prior work (Hamera et al.,
2008) presented a low-cost lunar constellation concept using SmallSats in halo
orbits, wherein the designs are evaluated based on position accuracy, overall cost,
orbital stability, communication availability, and communication coverage.

To meet the stringent SWaP requirements onboard a SmallSat-based LNCSS, one
strategy is to opt for a lower-grade satellite clock instead of a higher-grade clock.
The grade of the satellite clock, which determines the timing stability and affects
the navigation ranging precision and communication time synchronization offered
to lunar users, is critical for designing a reliable navigation and communication
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system. Although using a lower-grade clock for an LNCSS limits its timing stability,
one can intelligently mitigate this shortcoming by harnessing the signals already
being broadcast by the legacy Earth-GPS constellation. Utilizing Earth-GPS sig-
nals for various lunar applications has been an active research topic in recent
times, especially since the occurrence of the following major events: a) NASA’s
antenna characterization experiment (Donaldson et al., 2020) modeled the signal
performance in Earth-GPS transmit antenna side lobes and b) recent simulation
studies (Capuano et al., 2015; Winternitz et al., 2019) designed a high-sensitivity
Earth-GPS receiver and confirmed the successful acquisition of Earth-GPS sig-
nals at lunar distances, despite significantly attenuated levels of signal power.
Given these early successes, there is great potential in integrating a lower-grade
clock with an Earth-GPS receiver to maintain desired timing accuracy onboard a
SmallSat-based LNCSS satellite.

In prior works (Bhamidipati et al., 2021, 2022a), we proposed the design of a
SmallSat-based lunar navigation satellite that utilizes available Earth-GPS signals
(when not occluded by Earth or the Moon) to estimate the timing corrections of a
lower-grade satellite clock. A formulation of a lunar UERE was devised that pri-
marily depends on the root-mean-square (RMS) timing error in the time transfer
from the Earth GPS. In another prior work (Bhamidipati, Mina, & Gao, 2022b),
a case study analysis was performed, wherein the trade-off between different
grades of satellite clocks and lunar orbits in designing a lunar navigation satel-
lite with Earth-GPS time transfer was analyzed. We demonstrated a lunar UERE
that was comparable to that of the Earth GPS across various case studies, even
with low-SWaP clocks, such as a chip-scale atomic clock (CSAC) (Schmittberger &
Scherer, 2020).

1.4 | Proposed Idea and Key Contributions

In Figure 2, the design of a SmallSat-based LNCSS with Earth-GPS time transfer
that provides both navigation and communication services at the lunar south pole
is conceptualized. A hybrid constellation design is developed, wherein all satellites
provide navigation services but only a fraction are additionally enabled with com-
munication services. By selectively equipping only some satellites in the LNCSS
constellation with a communication payload, space segment costs are saved and the
onboard SWaP is reduced (Sections 3.3.3) and 3.2.5) demonstrate that the LNCSS
satellite’s average cost and onboard SWaP are congruent with NASA’s low-budget
SmallSat missions).

In this work, various LNCSS constellation case studies are formulated and eval-
uated based on design criteria and performance metrics of navigation and commu-
nication, as well as SmallSat factors. As explained earlier, the navigation service
reliability is assessed in terms of position and timing accuracy, which represent
the design criteria, while the lunar UERE, GDOP, availability, coverage, and failure
tolerance are considered as navigation performance metrics. Similarly, the com-
munication service reliability is assessed in terms of sufficient daily volume of data
transfer to/from Earth, which represents the key design criteron, while the data
rate, availability, coverage, and failure tolerance are considered as additional per-
formance metrics of the communication service. SmallSat factors are also heuristi-
cally evaluated, including the onboard SWaP and space segment cost, which is an
important component of the overall cost outlined above.

To account for SmallSat constraints on the LNCSS constellation design, time
transfer is performed using an onboard Earth-GPS receiver (i.e., whenever at least
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FIGURE 2 Architecture of this work’s SmallSat-based LNCSS with Earth-GPS time transfer
that provides both navigation and communication services at the lunar south pole region

In this hybrid constellation design, only a few satellites among the LNCSS constellation are
enabled to provide communication services, while all of the LNCSS satellites provide navigation
services.

one Earth-GPS satellite is visible) to compute timing corrections for a low-cost
onboard clock. To execute this time transfer, unlike prior works (Bhamidipati
et al., 2021, 2022a, 2022b), a three-state Kalman filter is formulated that accounts
for nonlinearities in clock state propagation by estimating the clock drift rate in
addition to the clock bias and drift states. A modified lunar UERE (navigation per-
formance metric) is estimated by first computing a broadcast clock component,
which depends on the filter estimation error from Earth-GPS time transfer. The
attainable data rate (communication performance metric) is also modeled between
an LNCSS satellite and Earth, which, among other factors, depends on the received
signal-to-noise ratio (SNR). The SNR is influenced by the bit error rate, which in
turn depends on the filter estimation error. Indeed, the proposed Earth-GPS time
transfer affects both the navigation lunar UERE and communication data rate
and thereby influences both navigation and communication design criteria from
a SmallSat perspective.

This study is based on prior work (Bhamidipati, Mina, Sanchez, et al., 2022), and
the key contributions of this work are as follows:

1. We conceptualize an LNCSS with time transfer from the Earth GPS, wherein
all satellites are enabled to provide navigation services at the lunar south pole
with a fraction of the satellites additionally providing communication services.

2. We design a three-state Kalman filter that harnesses legacy Earth-GPS signals
to estimate the bias, drift, and drift rate of a low-cost onboard clock. Based
on these estimates, a modified lunar UERE metric (as compared with our
prior work (Bhamidipati et al., 2021, 2022b)) is devised, and the data rate that
can be attained for communication between an LNCSS satellite and Earth is
determined.

3. We develop three LNCSS case studies involving ELFO-based constellation
designs. In particular, case studies are formulated by varying the orbital
parameters, number of orbit planes, and satellites per plane. Additionally,
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different elevations that a user at the lunar south pole might encounter are
investigated, i.e., alow mask angle in open-sky settings and a high mask angle
in restricted satellite visibility regions, such as in a lunar crater.

4. We assess the trade-offs across different LNCSS case studies based on whether
the design criteria and performance metrics for navigation and communication
services as well as SmallSat factors comply with the preliminary requirements
proposed by various stakeholders such as NASA, the ESA, and commercial
space agencies. As discussed earlier, navigation-related design criteria are
assessed in terms of positioning and timing accuracy achieved whereas
communication-related criteria are evaluated based on the daily volume of
data transferred to/from Earth.

2 | SMALLSAT-BASED LNCSS WITH EARTH-GPS
TIME TRANSFER: DESIGN AND PERFORMANCE
CONSIDERATIONS

We describe the mathematical formulation of an Earth-GPS time transfer that per-
forms clock estimation. Note that, we consider the clock estimation technique to be
decoupled from that of orbit estimation in the Earth-GPS time-transfer design, i.e.,
position and velocity of the LNCSS satellite is obtained from known/pre-computed
ephemeris. For more details, please refer to our prior work (Bhamidipati, Mina, &
Gao, 2022a), wherein clock estimation errors are analyzed as broadcast ephemeris
errors onboard an LNCSS satellite are varied across different orders of magnitude.
Addressing the correlation between the onboard clock and the orbital trajectory of
an LNCSS satellite is an important task, which will be explored in future works.
Navigation and communication design considerations are also explained from the
perspective of a SmallSat platform and hybrid lunar constellation.

2.1 | Modified Earth-GPS Time-Transfer Design

Compared with prior works (Bhamidipati et al., 2021, 2022a, 2022b) that utilized
a linear two-state clock model, a three-state Kalman filter is designed in this work.
This modified filter accounts for the nonlinearities of a lower-grade onboard clock
while harnessing the Earth-GPS signals (when available). For any LNCSS satellite,
the filter maintains the LNCSS clock estimate at each time epoch t by propagat-
ing the following state vector: x, := [bt, b:’ l')'t 1", where b, is the clock bias state
in m, Bt is the clock drift in ms™, and Bt is the clock drift rate in ms=2, with units
converted from the timing domain through multiplication by the speed of light,
¢ =299792458 m/s. The equations derived in Zucca and Tavella (2005) are closely
followed to model the time and measurement update equations.

In the timing filter, a time update is performed every At seconds to estimate
the predicted state vector based on the clock error propagation model shown in
Equation (1). In addition, the state covariance matrix is propagated according to
Equation (2), where the process noise covariance Q is defined in terms of diffusion
coefficients o,,0,, and o,: These diffusion coefficients represent the intensity of
noise in each state (Zucca & Tavella, 2005):

X, =Ax, | +u,G (1)
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P=AP_ AT +Q )

where X, and 131—1 are the predicted state vector and state error covariance matrix
at time step ¢, respectively, x, ; and P,_; are the corrected state vector and state
error covariance matrix at time step t—1, respectively, and p, denotes the linear
coefficient of the time variation of the clock drift rate. The process noise covariance
matrix Q is defined as follows:

OfAt+02A [3+03A5/20 GIA2/2+03At4 /8 GIAL/6

Q= o3At? 2+ 07 AtY /8 o3At+0IA /3 GiAL?/2 3)
oA /6 o3At? /2 oZAt
1 At Ar?/2
The state transition matrix A is defined by A={0 1 At |, and the con-
At*/3 0 0 1
trol matrix G is defined by G =| At?/2 |.
At

The diffusion coefficients o,,0,, and o, can be written in terms of h, and
h_,, which are the power spectral density coefficients obtained from an Allan
deviation plot (Krawinkel & Schon, 2015). Comparing Equations (6) and (8) from
Van Dierendonck and McGraw (1984) with Equations (46) and (48) from Zucca

and Tavella (2005), o, = \/@ and o, :,/27r2h72. Additionally, in this work, the
frequency drift is considered to be constant, which implies that o, =0 (Zucca &
Tavella, 2005).

To execute the measurement update step, i.e., to perform a time transfer from
the Earth-GPS, the received carrier-to-noise density ratio (C/N,) is first assessed
to evaluate whether at least one Earth-GPS satellite is visible, as also done in prior
work (Bhamidipati et al., 2021, 2022b). Then, the expected pseudorange and pseu-
dorange rates are determined from the visible Earth-GPS satellites to form a mea-
surement vector of residuals. The measurement vector z, € R*Neces ! i as follows:

T
~ ~(N,gps) 2 2(Nygpss)
z, = [pt(l) P, GPS, pz(l) Py GPS, :| (4)

where N, , is the total number of visible Earth-GPS satellites at time ¢ and ﬁt(k)

and f)t(k) are the pseudorange and pseudorange rate residuals, respectively, from

satellite k. The pseudoranges and pseudorange rates provide information about
clock bias and clock drift, respectively.

With the measurement vector and modeled measurement covariance, the filter
applies corrections to the predicted timing state via standard Kalman filter expres-
sions to obtain the updated state vector x, and state covariance P,. In this work,
the measurement model C, is defined in accordance with the three-state vector
C e R*Nears. 3 as follows:

1 0 0

C = Negps i <1 Negps <1 Negps.s

o
N

eGPS,t <

. , (where z,=C,x,) (5)

1 0N

1
1 N eGPS.t

eGpS 1< x1

where 0, , represents a matrix with size axb of zeros and 1, represents a
matrix with size axb of ones. Additionally, the measurement covariance matrix is
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FIGURE 3 [Illustration of the navigation design criteria and their dependency on two
performance metrics, namely, lunar UERE and GDOP

modeled as a time-dependent diagonal matrix, based on the tracking errors of the
receiver delay lock loop, phase lock loop, and Earth-GPS UERE (different from that
of the lunar UERE). This work discards the Earth-GPS signals that pass through
Earth’s atmosphere. An investigation of other options, such as modeling Earth’s
atmosphere effects or formulating ionospheric-free Earth-GPS measurements, is
left as an extension for future work.

2.2 | Navigation Service Design Considerations

As shown in Figure 3, the navigation design criteria, which involve achieving
adequate position and timing accuracy, mathematically depend on the product of
two performance metrics, namely, the lunar UERE and GDOP. The other three per-
formance metrics discussed in Section 1, namely, availability, coverage, and failure
tolerance, influence when, where, and for how long the navigation services are
available. These three performance metrics are largely governed by the number of
visible LNCSS satellites at the lunar south pole region.

Prior works (Bhamidipati et al., 2021, 2022b) have provided an in-depth break-
down of the lunar UERE formulation, utilizing the fact that, unlike Earth, the Moon
does not have an atmosphere and buildings. Therefore, the error sources included
in the lunar UERE metric, denoted by OygrE, Lenss 1 Equation (6), are the broad-
cast clock Ok, LNCss> Sroup delay Ogd, INCSS broadcast ephemeris O eph, LONSS and
receiver noise o, yncss- 1he broadcast clock component depends on the error in
estimating timing corrections from the Earth-GPS time transfer. Note that the error
sources caused by the LNCSS satellite attitude errors and the antenna phase center
offsets are considered to be minor in comparison and thus negligible:

_ [2 2 2 2
OUERE,LCNSS — \/ Ok, LNCss T O ad,LNCss T Oeph,LeNss T Orec,LNCSS (6)

2.3 | Communication Service Design Considerations

The communication design criteria, which involve ensuring sufficient daily data
volume to and from Earth, depend on the attainable data rate. Figure 4 illustrates
how the communication between lunar users and Earth consists of two key com-
munication links (National Aeronautics and Space Administration, 2022): one
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FIGURE 4 Data communication between the lunar surface and Earth consists of two data
links: One between the LNCSS and Earth (via the Ka-band) and one between the LNCSS and the
lunar user (via the S-band)

Both data links together influence the total amount of daily data transfer possible between the
lunar surface and Earth, also called the daily data volume.

between the LNCSS and Earth via the Ka-band and one between the LNCSS and
the lunar user via the S-band. Note that the frequency bands for lunar communi-
cations are pre-allocated (National Aeronautics and Space Administration, 2022),
wherein the Ka-band is assigned for long-range and the S-band is allocated for
lunar-satellite-to-surface-user communications. Both data links have an associated
data rate, denoted as d, for the LNCSS-Earth data link in the Ka-band and dg
for the LNCSS-user link in the S-band. The two data links also both have an asso-
ciated summed daily availability for data transfer across all communication satel-
lites, similarly denoted as ., and fg in Figure 4.

Apart from the data rate, the other communication performance metrics dis-
cussed in Section 1, namely, the availability, coverage, and failure tolerance,
influence when, where, and for how long the services are available. These three
performance metrics depend on the number of communication-enabled LNCSS
satellites visible at the lunar south pole region.

Mathematically, the daily data volume through each communication link, or the
amount of data that can be transferred per day through each link, is as follows:

Dy, =dp,t (7)

Ka“Ka

Dg=dgtg ®)

where the ‘Ka’ subscript denotes terms for the Ka-band and the ‘S’ subscript
denotes terms for the S-band, di, and dq are denoted in bits/second (bps), and
ty, and ty are denoted in seconds. For instance, given an LNCSS constellation
with one communication-enabled satellite, f,, <86400s, whereas with two
communication-enabled satellites, t,, <172800 s. Because any data transfer must
occur through both communication links, the total daily data volume D for com-
munications between the lunar user and Earth is evaluated as follows:
D =min (Dy,, Dy) 9)
Given that the Iunar surface can have multiple users sending data simultane-
ously to any visible LNCSS satellite, Dg is generally expected to depend on the
number of users and could be larger than D, once multiple users are deployed
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on the lunar surface. Furthermore, for any scientific data collected from the lunar
surface, to ensure maximal scientific return and to reduce the data storage burden
for LNCSS satellites, Dy, is required to be comparable to or greater than Dy.

This work focuses on analyzing the LNCSS-Earth daily data volume D,
given that this component of the communication link could become a potential
bottleneck in the total data transfer and scientific return from lunar missions. The
uplink/downlink between LNCSS and Earth is considered available when there is
a direct line of sight between at least one communication-enabled LNCSS satel-
lite and the center of Earth. To keep this analysis more generalized, the definition
of the Earth support system is assumed to be abstract, with statistics calculated
with respect to the center of Earth rather than a specific set of ground stations
such as DSN.

To compute the attainable data rate between an LNCSS satellite and Earth, an
approach similar to the one outlined by Nallapu et al. (2020) is followed. First, the
minimum SNR needed to achieve a desired bit error rate for communications must
be evaluated (Proakis & Salehi, 2008), which is related via the following expression
for a communication system with binary phase shift keying modulation:

E

—> = (erfc (2B ))> (10)

Ny

where % is the minimum SNR required to satisfy the desired bit error rate B,
0

and erfc™! is the inverse complementary error function, which is closely related
to the complementary cumulative distribution function of a standard normal
Gaussian random variable (Proakis & Salehi, 2008). From this minimum required
SNR, the minimum data rate of reception (Nallapu et al., 2020) can be computed
as follows:

P
d.. :—rx’mgl sin?B (11)
kTrX(N—b)

where k=1.380649-107% m? kgs™ K™! is the Boltzmann constant, T is the

noise temperature level in Kelvin, B is the phase modulation index, % is the
required SNR computed from Equation (10), and P, ;. is the minimum received
power level in watts. The minimum received power level is also computed follow-
ing an approach similar to that of Nallapu et al. (2020), i.e., as a function of the
transmitted power P, the receiver and transmitter gain factors G, and G,,, the
frequency of transmission f, and the maximum distance between the ground
station and the LNCSS satellite r according to Friis’ transmission formula

max’
(Stutzman & Thiele, 2013):

2
(47rrmX f‘%)

where the transmitter gain G, is determined from the antenna properties, includ-
ing the antenna efficiency and antenna diameter (Nallapu et al., 2020).

rx,min

2.4 | SmallSat Factors

Among the SmallSat factors discussed in Section 1, delta-V is specific to the lunar
orbit chosen, whose formulation based on orbital dynamics is beyond the scope of
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this paper. Cost analysis for this work focuses on the empirical formulation of cost
and SWaP related only to the space segment, which serves as one of the key com-
ponents in LNCSS constellation design. Note that evaluations of other components
of the overall cost related to launch, maintenance, and injection will be explored
in future works.

For any LNCSS constellation design, the total space segment costis formulated asa
sum of the total development cost and total production cost. The total development
cost denotes the non-recurring cost component incurred in designing one satellite
unit (or a specific unit of onboard equipment). Meanwhile, the total production
cost denotes the recurring cost component incurred in producing any desired num-
ber of satellite units (or desired units of onboard equipment). These costs are com-
puted for the hybrid constellation design, for which the LNCSS constellation size
is defined as N ¢ and the number of navigation- and communication-enabled
satellites among them as N~ with N . <N .. The development cost is
broken down into a summation of development costs associated with a communi-
cation payload and the costs for a navigation-only satellite. Similarly, the produc-
tion cost is also broken down into the cost of producing N, s Navigation-only
satellites and the cost of producing N ... communication payloads. Note that the
development cost primarily depends on mass, while the production cost depends
on the first unit cost and the number of units to be produced (Hirshorn et al., 2017;
Wertz et al., 2011).

To evaluate the space segment cost, each of the following four cost components
are computed individually: the development cost of a communication payload,
the production cost of N, communication payloads, the development cost
of a navigation-only satellite, and the production cost of N, ,.¢s Navigation-only
satellites.

Firstly, the development cost of a communication payload Y, ... iS com-
puted based on a derivation by Esper (2022). This cost, in fiscal year (FY) 2010
million dollars, is as follows:

Yoo comm = (339, +5127L)/1000.0 (13)
where L denotes the number of communication channels and m is defined as

comm

the communication payload mass, which is computed by leveraging the Magellan
high-gain antenna design for an empirical dish diameter (Brown, 2002). In par-
ticular, M. = Noyannets Nan (289D2,, +6.11D,,, —2.59), with N, as the
number of communication channels onboard a satellite, N,,, as the number of
onboard communication antennae required for each channel, and D_,, as the
antenna diameter. Note that N, >2 because an LNCSS communication satellite
requires at least two communication antennae: one to communicate with lunar
users and one to transmit data to/from Earth.

Next, the development cost of a navigation-only satellite Y,, , = is computed
based on a derivation by Wertz et al. (2011). This cost, in FY2010 million dollars,

is as follows:

Y =110.2m__/1000.0 (14)

dev—nav nav

where m,, is defined as the total mass of a navigation-only satellite, which is also
computed heuristically.

To compute the total mass m,,, of a navigation-only satellite, the payload equip-
ment onboard a navigation-only LNCSS satellite is broken down and the total pay-

load power P ayioad—nav 1S computed. Next, the data from past deep space missions
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are mapped to estimate the corresponding total payload mass m, , (Wertz et al.,
2011). Based on Bhamidipati et al. (2021, 2022b), European Space Agency (2023),
Pereira and Selva (2020), the payload equipment onboard the navigation-only
LNCSS satellite includes the following: lower-grade satellite clock, Earth-GPS
receiver, navigation signal generation unit, frequency generation and upcon-
version unit, and remote terminal unit. The total payload power P oyioad—nav 18
computed as the sum of the power required by individual payloads. Then, from
the total payload power, the payload mass is finally estimated in kilograms as
My, =38(0.14P, 1o nay )05t (Wertz et al., 2011). The specific power levels for
each component are detailed in Section 3.2.5).

The same heuristic relationship shown in Equation (15) is followed to compute
the total production costs for communication payloads and for navigation-only
satellites:

orY

prod—nav

=T1N[1+@j (15)

prod—comm In2

where T, depicts the first unit cost and S represents a predefined learning rate.
For instance, to compute the total production cost for communication payloads

Y od—comm» 11 18 heuristically computed as T, =189m,,,,, /1000 and N=N_

is assigned. In contrast, to compute the total production cost for navigation-only

satellites Y odnav: Ty 18 heuristically computed from past mission data as
T, =(289.5m%71% )/1000 (Pereira & Selva, 2020; Wertzetal., 2011)and N =N e
is assigned.

Note that all of the above formulae hold true for FY2010; therefore, each com-
puted cost component must be scaled by an appropriate inflation factor to compute
the total space segment cost. The inflation factors for conversions from 2010 up

until 2036 are the same as those suggested by Table 11-9 of Wertz et al. (2011).

3 | LNCSS CASE STUDIES AND COMPARISON ANALYSIS

Various LNCSS case studies are evaluated using simulated experimental data,
and then, trade-offs are analyzed among these studies in terms of design criteria
and performance metrics for navigation and communication services, as well as
SmallSat factors.

3.1 | Overview of LNCSS Case Studies

For this case study analysis, three LNCSS designs are examined, wherein each
satellite is equipped with a navigation unit, an onboard CSAC, an Earth-GPS
receiver, and a communication unit (if applicable).

3.1.1 | ELFO-Based Flower Constellation Setup

The LNCSS case studies are based on an ELFO. As mentioned in Section 1, an
ELFO refers to a specific category of frozen orbits with a highly elliptical shape for
providing greater coverage of the lunar poles. Here, frozen orbits are orbits that
maintain nearly constant orbital parameters for extensive periods of time, with-
out requiring station-keeping (Folta & Quinn, 2006; Whitley & Martinez, 2016).
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Furthermore, the case studies are based on flower constellations (McManus &
Schaub, 2016; Mortari et al., 2004), in which each orbital plane depicts a flower
petal. Unlike constellation patterns such as Walker-Delta or Walker-Star patterns,
the flower constellations belong to a special family of J2-frozen repeat ground
track constellations wherein the orbital parameters are selected such that the
nodal period of the orbit matches the nodal period of the primary body (in this
case, the Moon) by a factor that depends on the number of days and the number
of revolutions needed to repeat the ground track. Within a flower constellation,
all satellites have identical orbital elements, except for the right ascension of the
ascending node (RAAN) and the initial mean anomaly, which are chosen based on
the desired phasing scheme.

To derive the orbital parameters for the LNCSS constellation case studies, the
frozen orbit equations used by Ely and Lieb (2006) are closely followed, which are
expressed in the Earth orbital plane (OP) frame. Ely (2005) and Ely and Lieb (2006)
define the x-axis of the OP frame by the intersection of the Moon’s equatorial plane
with Earth’s apparent orbital plane, the z-axis by the direction of the orbit normal
to Earth’s apparent orbit around the Moon, and the y-axis as completing the triad.
Note that the OP frame is not an inertial frame, as its unit vectors exhibit slow vari-
ations over time with respect to the Moon’s J2000 frame, which is an inertial frame.

All LNCSS case studies and all satellites within each case study are considered
to have the same eccentricity, inclination, semi-major axis, and argument of per-
igee (see Table 1). In particular, the eccentricity variations for the ELFO range
between 0.6 and 0.7 (Ely, 2005), based on which an eccentricity of e=0.6 is
assigned. Furthermore, the inclination i = 51.7° is computed using the relationship
e? +(5/3) cos? i =1, which is obtained by solving the simplified equations for the
mean motion of the satellite orbits (Ely & Lieb, 2006). By analyzing these simpli-
fied equations, Ely and Lieb (2006) computed the argument of perigee solutions to
be w=90° or 270°; thus, the argument of perigee was set to @ = 90° to maximize
the service coverage over the lunar south pole region. With the radius of the Moon
as R,, =1734 km, the semi-major axis is incorporated by considering the peri-
gee altitude h,,,,,.,, =720 km and apogee altitude h,,,,,, =8090 km (Balossino &
Davarian, 2022). The apogee altitude ensures service reliability with S-band com-
munication at the south pole, even when the distance between the communica-
tion antenna of the onboard LNCSS satellite and the lunar user is at its farthest.
Again, borrowing the inequalities used by Ely and Lieb (2006) that determine the
relationship between eccentricity and semi-major axis, i.e., a(1-e)—-R,, >h
and a(l1+e)-R,, <h

perigee

apogee” the semi-major axis was set to a = 6143 km. Based on

TABLE 1

Orbital Parameters Represented in the OP Frame for the Three LNCSS Constellation Case Studies
The short-hand notation x : y : z indicates a series generated within the closed interval [x, z], with
spacing between values given by y. Note that for any case study, all combinations of the RAAN
and mean anomaly series are considered to generate the orbital parameters: e.g., the 8 satellites
in case study A are given by the following [RAAN, mean anomaly] pairs: [0, 0], [0, 90], [0, 180],
[0, 270], [180, 0], [180, 90], [180, 180], [180, 270].

Semi-
LNCSS . L. . ) Argument Mean
No.of Major Eccentricity Inclination . RAA
Case ) . . of Perigee Anomaly
Stud Satellites Axis e i (deg) o (deg) o
y a (km) g
A 8 6143 0.6 517 90 0:180:180  0:90:270
B 12 6143 0.6 51.7 90 0:90:270  0:120:240

C 16 6143 0.6 51.7 90 0:180:180  0:45:315
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FIGURE 5 Three LNCSS case studies of a hybrid constellation type considered.
All satellites provide navigation services and only 25% (highlighted in orange) provide
both navigation and communication services (a) Case A: 6 navigation-only satellites and
2 navigation+communication-enabled satellites (b) Case B: 9 navigation-only satellites and
3 navigation+communication-enabled satellites (c) Case C: 12 navigation-only satellites and
4 navigation+communication-enabled satellites

The trade-off performance among case studies is analyzed in terms of design criteria and
performance metrics for navigation and communication services, as well as SmallSat factors.

Kepler’s third law in the lunar context, the orbital period of any LNCSS satellite in
=12 h (which considers T,

these case studiesis T Y o

orbital—period

rbital—period = Honoon
with Moon’s standard gravitational parameter ,, . =4.9048695¢'? m3/s*). The
other two orbital parameters, namely, the initial mean anomaly and RAAN, are

chosen to evenly distribute satellites within the LNCSS constellation.

3.1.2 | Details of Case Studies

As shown in Figure 5, three LNCSS constellation case studies, A, B, and C, are
designed, with constellation sizes of 8, 12, and 16, respectively. Table 1 depicts the
six orbital parameters associated with the satellites in each case study.

These case studies are evaluated against the criteria outlined in NASA’s
SRD (National Aeronautics and Space Administration, 2022), NASA’s SCAWG
(National Aeronautics and Space Administration, 2006), and a few other
sources (Cozzens, 2021; European Space Agency, 2021; National Aeronautics
and Space Administration, 2009; Rimani et al., 2021; Schier, 2022). This hybrid
design is implemented by considering 25% of satellites within each constella-
tion to provide communication services in addition to navigation services, i.e.,
N omm  Nincss =1:4. This ratio was chosen because four visible LNCSS satel-
lites at any lunar user are required to successfully compute a navigation solu-
tion, whereas only one visible communication-enabled satellite is required at
any lunar user to perform data transfer to Earth. Note that an analysis on the
effect of varying the number of communication satellites N, =~ and the ratio

m
N omm : Nincss Will be explored in future works.

3.2 | Modeling and Simulation Details

A high-fidelity simulation of the LNCSS case studies was conducted using the
Systems Tool Kit (STK) software developed by Ansys (formerly under Analytical
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Graphics, Inc.) (Ansys, 2022). An analysis was performed by considering the start
time epoch to be 9 Nov 2025 00 : 00 : 00.000 UTC and the experiment time duration
to be 15 days. This 15-day duration is equivalent to 30 full revolutions of any LNCSS
satellite around the Moon, as one orbital period is 12 h (see Section 3.1.1)), thus
allowing an analysis of the proposed design under various Earth-GPS-to-LNCSS
geometries. In particular, the STK software was utilized to model the Earth-GPS
constellation, LNCSS case studies, lunar users, and occultations caused by Earth
and the Moon.

3.2.1 | Modeling an LNCSS with Earth-GPS Time Transfer

The simulated Earth-GPS constellation consists of 31 satellites with 8 satellites
from Block IIR, 7 from IIRM, 12 from IIF, and 4 from Block III. At each LNCSS sat-
ellite, the received C/N,, is simulated for all available Earth-GPS signals. For this
step, various aspects were modeled, including the Earth-GPS antenna gain patterns
(Donaldson et al., 2020), the attenuation due to free space path loss, the Earth-GPS
receiver antenna (directional) onboard the LNCSS (Capuano et al., 2015), and its
receiver front-end characteristics. Based on the received C/N, values, the pseu-
doranges and Doppler values were simulated and used to perform Earth-GPS time
transfer. An Earth-GPS satellite is considered to be visible when the received C/N,,
value is greater than 15 dB-Hz for a continuous time duration of at least 40 s. A
detailed explanation of the simulation setup and STK scenario is given in prior
works (Bhamidipati et al., 2021, 2022b).

The timing filter is designed with the time update executed every At=60s and
the measurement update executed using simulated pseudoranges and Doppler
values when Earth-GPS signals are available (the maximum Earth-GPS contin-
ual outage period for an ELFO at 6143 km is approximately 3060 s). Please refer
to prior works (Bhamidipati et al., 2021, 2022a, 2022b) for more details regarding
successful convergence of the timing filter as the sampling interval At and the
maximum Earth-GPS continual outage period (ECOP) are varied. The parameters
of the process noise covariance matrix Q associated with the CSAC are defined
as follows: p, =0 and diffusion coefficients o, =8.00-107'!,5, =2.72-1074,
and o, =0.0. These diffusion coefficients are computed based on the equations
derived in Section 2.1, for which the power spectral coefficients h, =1.28-10"%
and h , =3.7411-10"%° (taken from Krawinkel and Schon (2015)).

3.2.2 | Modeling a Grid Array of Lunar Users

Via STK (Ansys, 2022), the performance of the LNCSS constellation case stud-
ies was examined, as observed for users on the lunar surface. In particular, a grid
array of users was examined, covering the lunar south pole (at lunar latitudes of
80° S and greater) with a resolution of 1° in both latitude and longitude grid points,
resulting in a total of 334 grid points. At each grid point, key figures of merit were
evaluated, as detailed in Sections 3.2.3) and 3.2.4), including navigation and com-
munication service availability, coverage, tolerance to single-satellite failures, DOP,
positioning and timing accuracy, and daily data volume. Furthermore, the naviga-
tion and communication service performance was examined with two different
elevation masks: one at 5°, which is representative of a user with an unobstructed,
open-sky view of the lunar sky, and one at 20°, which is representative of a user
with restricted visibility, such as a user inside a lunar crater.
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3.2.3 | Navigation Service Parameters and Lunar
UERE Estimation

The simulation measurements generated independently in STK were passed
to the timing filter in MATLAB. The timing filter ran for the entire experiment
duration, over which the RMS estimation error in clock bias was evaluated, which
represents the broadcast clock component of the lunar UERE formulation from
Equation (6). Figure 6 shows the estimation errors associated with the three-state
Kalman filter for an LNCSS satellite with an onboard CSAC. The RMS error (scaled
by ¢=299792458 m/s to express the errors in meters) in the Earth-GPS time trans-
fer is demonstrated to be 2.37 m, while the maximum uncertainty is 4.67 m and the
maximum error is approximately 8.76 m. Furthermore, because the RMS clock bias
error exhibits a consistent trend across time for all satellites, the broadcast clock
component is modeled as a constant value of oy ;ncgs =2-37 m for all satellites
within the three LNCSS constellation case studies.

To characterize the lunar UERE at any LNCSS satellite, the same group delay
and receiver noise error magnitudes are considered as with the Earth-GPS system,
ie., Ogd, INCSS =0.15m and O rec, LNCSS =0.1 m. The broadcast ephemeris error
component in the lunar UERE is modeled as Oeph, LCNSS = 3 m, which is an order
of magnitude higher than that of the legacy Earth GPS. Based on these values and
the estimated broadcast clock component o, ;xycss» the lunar UERE is computed
to be o yggp onss = 3-86 M.

The following navigation design criteria and performance metrics (as defined in
Section 1.1) are modeled using several figures of merit available in the STK soft-
ware, wherein all N, ... LNCSS satellites are selected under assets in the cover-
age definition:

« Availability and failure tolerance: These performance criteria are evaluated
using the coverage time figure of merit in STK, under the setting “Min Per
Day” for the minimum percent availability of the system for each day over the
simulation.

« GDOP: This performance criterion is evaluated using the DOP figure of merit
in STK, and the 98th percentile GDOP is computed using the “Percent Below”
setting for this STK figure of merit.

Clock Bias Error (m)
& & & T_;;-N s> o @3
r";b
—tee
%
é
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FIGURE 6 Timingestimation errors in the Earth-GPS time-transfer filter architecture for an
LNCSS satellite in an ELFO with an onboard CSAC, where a) demonstrates the clock bias errors
for the entire experiment duration and b) demonstrates the zoomed-in errors for a smaller time
segment of 1 day

An RMS error of Ok, Lness = 2-37 m is demonstrated in the Earth-GPS time transfer, based
on which the lunar UERE is computed as oyppp ness =3-86 m. The red vertical bars indicate
regions of ECOP (i.e., no Earth-GPS satellites are visible).
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« Horizontal position, vertical position, and timing accuracy: These performance
criteria are computed using the navigation accuracy related options under STK
figures of merit, namely “HACC”, “VACC”, and “TACC”, respectively, for which
both the average and maximum accuracy 1c error covariances are computed.

3.2.4 | Communication Service Parameters and Data
Rate Estimation

To evaluate the attainable data rate for the LNCSS communication service, as
outlined in Section 2.3, the parameters listed in Table 2 are assigned. Based on
these values, the estimated data rate is computed to be d,,, =44.7 Mbps.

Similar to the navigation service performance evaluation, several STK figures of
merit are utilized to model the following communication design criteria and per-
formance metrics (as defined in Section 1.1):

« Availability and failure tolerance: These metrics are evaluated in a manner
similar to the navigation service performance evaluation, using the coverage
time STK figure of merit and evaluating the “Min Per Day” metric, but across
the N_,,,,, communication satellites that make up the communication service
of the LNCSS. In STK, the N satellites to consider are specified for this
metric within the specified assets of the coverage definition.

 Time duration of availability t,, (defined in Section 2.3): To evaluate this
metric, the coverage time STK figure of merit is first utilized to compute the
“Min Percent Per Day” metric, wherein one communication satellite is selected
for a particular time within the STK coverage definition list of assets. Then, the
metric for each communication satellite is summed acrossall N, = satellites
to obtain the total system visibility.

3.2.5 | Parameters for SmallSat Factors

Based on Table 3, the total payload mass has an estimated power of
Ppayloadfnav =83.9 W. Utilizing data from past missions (Wertz et al., 2011), the
mass of the navigation-only satellite is heuristically computed to be 133.5 kg.
Furthermore, considering D,,, =1m (also the antenna diameter specified

TABLE 2
Communication System Parameters Used for Computing
the Attainable Data Rate for Transfer Between the LNCSS

Satellite and Earth
Parameter Value

Transmission frequency f;, (GHz) 27
Transmission power P, (W) 4.8
Receiver gain G,, (dB) 55

Phase modulation index 3 (°) 60
Noise temperature T,, (K) 29.2
Antenna efficiency 0.6

Antenna diameter (m) 1
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in Table 2), Equation (13) is evaluated to compute the communication pay-
load mass as 25.6 kg. With these results, the mass of a satellite providing both
navigation and communication services is estimated to be 159.1 kg. Note that
both of these satellite masses fall within the weight constraints acceptable for a
SmallSat platform.

The total production costs are evaluated by setting a learning rate of S = 85% to
match the parameter set by Hirshorn et al. (2017). Additionally, the space segment
costs are computed by setting the inflation factor from 2010 to 2025 (the year for
this simulation) as 1.35 (Wertz et al., 2011).

3.3 | Trade-off Analysis

A trade-off analysis is performed among the three LNCSS constellation case
studies.

3.3.1 | Navigation Design Performance Comparison

The navigation design performance across all LNCSS case studies is compared
for an elevation mask of 5°, with lunar UERE o gpp 1 onss = 3-86 M (as estimated
in Section 3.2.3)). Based on Table 4, all case studies demonstrate 100% availabil-
ity and 100% coverage for navigation service over the lunar south pole region.
Additionally, even during a single-satellite failure, both case B and case C satisfy

TABLE 3

Breakdown of Payload Equipment Onboard a Navigation-Only Satellite, with a CSAC as the
Satellite Clock and the Corresponding Power Requirements (Parker et al., 2022; Pereira & Selva,
2020; Schmittberger & Scherer, 2020; Wertz et al., 2011)

Payload Required Power (W)
Microchip CSAC (two units) 0.2
Earth-GPS receiver 14.7
Navigation signal generation unit 35
Frequency generation and upconversion unit 22
Remote terminal unit 12

Total payload power, P, 83.9

payload—nav

TABLE 4

Navigation Service Performance Comparison for an Elevation Mask of 5°, with Lunar UERE 6ep ness =3-86 M
The columns of mean performance denote the mean RMS error (RMSE) across the array of grid points, whereas the
columns of max performance denote the RMSE of the worst-case grid point for each case study. See Section 3.2.3) for
details on how the performance metrics and design criteria are computed.

Performance metrics: At worst . . . .
Design criteria: Avg across user grid points

LNCSS user grid point
Case . Horizontal Vertical Receiver
Study  Availability T:fétl::::e Coverage e Position Position Timing
(# sats) (%) @ (%) RMSE (m) RMSE (m) RMSE (us)
Mean Max Mean Max Mean Max
A (8) 100 97.9 100 8.95 5.62 61.62 15.00 277.22  0.03 0.62
B (12) 100 100 100 5.51 3.84 5.67 10.15 18.16 0.02 0.04

C (16) 100 100 100 4.38 3.15 4.72 7.63 15.32 0.01 0.03
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TABLE 5

Navigation Service Performance Comparison for an Elevation Mask of 20°, with Lunar UERE 65, 1yess =3-86 m
The columns of mean performance denote the mean RMSE across the array of grid points, whereas the columns of
max performance denote the RMSE of the worst-case grid point, for each case study. See Section 3.2.3) for details on
how the performance metrics and design criteria are computed.

Performance metrics: At worst user grid . . . .
Design criteria: Avg across user grid points

LNCSS point averaged across time
Case " Horizontal Vertical Receiver
Study  Availability T::::r::ie Coverage GDOP Position Position Timing
(# sats) (%) % (%) RMSE (m) RMSE (m) RMSE (us)
Mean Max Mean Max Mean Max
A(8) 77.51 54.11 53.29 246.24 1475 4740.24 8536 25620.85 0.19 56.94
B (12) 100 100 85.1 16.19 4.61 12.30 17.14 55.17 0.04 0.12
C (16) 100 100 100 7.24 4.12 7.04 14.06 29.88 0.03 0.07

FIGURE 7 GDOP variation in the lunar south pole region for case C, with an elevation mask
of 20°

For intuition, a few prominent craters in the lunar south pole region are also marked, namely, the
Shoemaker, Shackleton, and Haworth craters. As expressed in Table 5, the worst-case grid point
has an average GDOP of 7.24 for 20°.

NASA’s requirement (National Aeronautics and Space Administration, 2022) of
having at least 98% navigation service availability. Case C also satisfies NASA’s rec-
ommended horizontal position accuracy with 3o less than 10 m (i.e., 1o <3.33 m)
(National Aeronautics and Space Administration, 2022) and the global exploration
community’s prescribed 3D position accuracy of less than 50 m (Cozzens, 2021).
Furthermore, all cases studies satisfy the receiver clock timing requirements, with
an accuracy within the prescribed threshold of 1 us. Table 5 of Isik et al. (2020)
provides an interpretation of the GDOP values, according to which <1 is ideal,
1-2 is excellent, 2-5 is good, 5-10 is moderate, 10-20 is fair, and <20 is poor. Based
on this interpretation, case A and case B fall under the moderate category whereas
case C falls under the good category.

The position and timing accuracies are additionally analyzed for an elevation
mask of 20° in Table 5 with lunar UERE o ppr | ongs =3-86 m (same as that for
the 5° elevation mask). Even for a higher elevation mask of 20°, case C still satisfies
the global exploration community’s desired 3D position accuracy of less than 50 m.

In Figure 7, the GDOP variation for case C across the lunar south pole
region is illustrated for an elevation mask of 20°. These GDOP values, varying
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TABLE 6

Communication Design Performance Comparison for an Elevation Mask of 5° and a Data Rate of
dy, =44.7 Mbps See Section 3.2.4) for details on how the performance metrics and design criteria
are computed.

Performance metrics: At worst Design criteria: Avg
user grid point across grid points
LNCSS B gmep Dail
i ai
Case Study Summed Daily y
: Availability ¢, of Data
(# comm. o Failure
Availability Coverage LNCSS-Earth Data Volume
sats, # total Tolerance ink (GB)
cats) (%) po= (%)  Link ()
(minimum among
15 days)
A (2,8) 100 43.75 100 160320 895.79
B (3,12) 100 80.15 100 246720 1791.24
C (4,16) 100 100 100 336012 1378.55

between 5.9 and 7.3 (falling under the moderate category based on Isik et al.
(2020)), are indicative of restricted satellite visibility caused by the lunar terrain,
as experienced by a user within a lunar crater or canyon, for example. As a result,
slightly degraded position and timing accuracy is observed, as compared with the
scenario with an elevation mask of 5°, representing a user with an unobstructed
view of the lunar sky.

3.3.2 | Communication Design Performance Comparison

Next, the communication design performance is compared across all LNCSS
case studies for an elevation mask of 5° and a data rate of d, =44.7 Mbps (as
estimated in Section 3.2.4)). Based on Table 6, cases A and B, which have fewer
satellites, are observed to be less tolerant to single-satellite failures, with failure
tolerance availabilities of 43.75% and 80.15%, respectively, while case C maintains
100% failure tolerance availability. Nevertheless, both cases B and C are observed
to satisfy the high data rate requirement of 75% communication availability, even
under single-satellite failures (National Aeronautics and Space Administration,
2022). Under the design criteria, a derived metric based on the summed daily
availability ¢, of the LNCSS-Earth data link is compared, wherein summation
is performed across the daily availability of each communication-enabled satel-
lite within the LNCSS constellation. As described in Section 2.3, t,, is computed
on a per day basis. To compute this derived metric for each case study, the min-
imum f., is computed among all 15 days at each grid point; then, the derived
metric is reported to be the average across all grid points. As expected, the value
of this derived metric/design criterion is proportional to N . Additionally,
this derived metric/design criterion is independent of the elevation mask consid-
ered and thus has the same values in Table 6 and Table 7. The daily data volume
between a lunar user and Earth across all case studies satisfies the desired val-
ues specified by multiple prior works, i.e., greater than 160 GB based on Rimani
et al. (2021), between 240 and 2400 GB as per European Space Agency (2021), and
> 600 GB based on Schier (2022).

In Table 7, a communication performance comparison is presented for 20° with
a data rate of 44.7 Mbps (same as that considered for the 5° elevation mask). While
case A falls to 86.50% for 20°, compared with 100% for 5°, all case studies satisfy the
requirement of at least 75% communication availability. A communication coverage
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TABLE 7

Communication Design Performance Comparison for an Elevation Mask of 20° and a Data Rate
of dy, =44.7Mbps See Section 3.2.4) for details on how the performance metrics and design
criteria are computed.

Performance metrics: At worst Design criteria: Avg
user grid point across grid points
LNCSS Case e e .
Study Summed Daily Daily
ilabili Data
(% comm, o Failure Availability t,, of
Availability Coverage LNCSS-Earth Data Volume
sats, # total Tolerance Link (GB)
sats) &) (%) %) .. L)
(minimum among
15 days)
A (2,8) 86.50 15.57 100 160320 895.79
B (3,12) 100 51.22 100 246720 1791.24
C (4,16) 100 88.32 100 336012 1378.55

Coverage Time - Static Contours(in seconds)
|
51000 52000 53000 54000 55000 56000 +

g Shoemake
y\_;i ;T TN

FIGURE 8 Variation in the minimum availability per day t5 of one LNCSS communication
satellite across the lunar south pole region (greater than 80° S latitudes) for case C, with an
elevation mask of 20°

For intuition, a few prominent craters are also marked, namely, the Shoemaker, Shackleton, and
Haworth craters.

of 100% is also demonstrated across all case studies. Additionally, the daily data
volume exceeds 895.79 GB, which satisfies the desired preliminary requirements
taken from different sources (European Space Agency, 2021; Rimani et al., 2021;
Schier, 2022). Even under restricted satellite visibility, all case studies exhibit daily
data volumes of greater than 461 GB, where 461 GB is the daily volume of data
being transmitted by the LRO (National Aeronautics and Space Administration,
2009). Note that the daily data volumes for elevation masks of 5° and 20° are the
same because Dy, is considered the bottleneck for communication data transfer
(as discussed in Section 2.3).

In Figure 8, the minimum availability of one LNCSS communication satellite per
day is plotted across all grid points for case C with an elevation mask of 20°. These
values are observed to be around 15 h (= 54000 s). As explained in Section 2, the
bottleneck for communication data transfer between a lunar user and Earth is
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TABLE 8

Comparison of Space Segment Costs Across the LNCSS Case Studies

The heuristic relationships used to calculate the total development and production costs in
Brown (2002), Pereira and Selva (2020), and Wertz et al. (2011) are relevant for 2010 costs; thus,
an inflation factor from 2010 to 2025 of 1.35 is considered (Wertz et al., 2011).

LNCSS Case Total Dev. Cost Total Prod. Cost Total Space Average

Study [FY2025$M ] [FY2025$M] Segment LNCSS

(# comm. g : Cost of Satellite
sats, # total COTm('i Nav.-:;‘n y Con& Nav.-ﬁin Y LNcss Cost

sats) Payloa Satellite Payloa Satellite [FY2025$M] [FY2025$M]

A28 39.52 19.92 11.15 64.03 134.62 16.83
B (3,12) 39.52 19.92 15.21 87.33 161.98 13.50
C (4,16) 39.52 19.92 18.96 108.85 187.25 11.70

the Ka-band segment, which accommodates communication between the LNCSS
satellite and Earth. Given an available data rate of dg between the lunar user
and the LNCSS satellite, one can determine the number of lunar users that can
communicate with Earth on a daily basis by equating the data transferred across
both segments, i.e., dg,t,, =dsts. For example, considering dgq =36 kbps from
National Aeronautics and Space Administration (2022), the number of lunar users
that can continuously communicate with Earth in case A is 44.7 Mbps x 160320/
(36 x 54000) = 3686.

3.3.3 | Comparison of Space Segment Costs

Table 8 shows a breakdown of the total development cost and total production
cost of the communication payload and navigation-only satellite, as well as the
total space segment cost for all case studies. As mentioned in Section 2.4, an evalu-
ation of other components of the overall cost (except the total space segment cost)
will be explored in future works. Furthermore, the average satellite cost across all
case studies is computed to be less than 17 [FY2025$M], which is comparable to
NASA’s low-cost CAPSTONE mission that was recently launched in June 2022
(Cheetham, 2021) with a cost of approximately 20 [FY2022$M].

Additional launch cost considerations can also be estimated in comparison to
NASA’s LRO and Lunar Crater Observation and Sensing Satellite (LCROSS), which
were launched in June 2009 (National Aeronautics and Space Administration,
2009). The combined payload mass of both the LRO and LCROSS at the time of
launch accounted for 2807 kg, and the total cost for launch services to the Moon
was 136.2 [FY2009$M] (Diller, 2006). For case C, the largest proposed constellation
design at 16 total satellites, the estimated combined mass is 2239 kg. Adjusting for
inflation metrics from 2009 to 2025 with a value of 1.38 (taken from Wertz et al.
(2011)), the total launch costs for the largest LNCSS design proposed in this study
are assumed to be less than 188.2 [FY2025$M], resulting in a maximum estimation
of 375.5 [FY2025$M] for the total production, development, and launch costs of
these LNCSS case studies. In Section 3.2.5), the inflation factor from 2010 to 2025
was 1.35; however, because the LCROSS mission was launched in 2009, a value that
accounts for inflation from 2009 to 2025 was considered, i.e., 1.38. Note that this
scenario differs from the remainder of the experimental analysis, in which the heu-
ristic relationships were considered with respect to 2010 and a different inflation
factor of 1.35 was considered.
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4 | CONCLUSION

In summary, design and performance considerations for a SmallSat-based
LNCSS were analyzed to provide reliable navigation and communication services
at the lunar south pole. Through high-fidelity STK simulations, three case studies
for an ELFO and a CSAC were examined, via an Earth-GPS time-transfer architec-
ture. In particular, the case studies were examined in terms of navigation and com-
munication service availability, coverage, tolerance to single-satellite failure, lunar
UERE, DOP, positioning and timing accuracy, daily data volume, space segment
costs, and onboard SWaP. A trade-off analysis in satisfying the preliminary design
criteria outlined by various stakeholders such as NASA, the ESA, and the global
exploration community was also performed. For elevation masks of 5° (open-sky)
or 20° (crater), we demonstrate that case C, which has a larger constellation size of
16, performs most consistently across all design criteria and performance metrics.
Notably, in contrast to the other case studies, case C maintains a failure tolerance
of 100% under single-satellite failure in terms of navigation and 88.32% in terms
of communication, while incurring the lowest average per satellite cost of 11.7
[FY2025$M].
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