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early addition of a single station can provide the same or bet-
ter PNT+C performance as a large lunar constellation while
only requiring a lunar constellation with <4 orbiters. Thus,
a surface-station-enhanced (SSE) PNT+C architecture signifi-
cantly reduces the required timeline and overall infrastructure
cost to achieve accurate and scalable PNT+C. A static lunar
surface station positioned at the Connecting Ridge supplies valu-
able PNT+C services to future missions in nearby permanently
shadowed regions. The station provides communication relay
and store-and-forward capabilities between lunar relay orbiters
and nearby surface users. In addition, the station receives
augmented forward signals (AFS) from the LunaNet compatible
constellation to generate one-way pseudorange and Doppler
shift observables. The station then calculates differential and
Joint Doppler and Ranging corrections with these observables
and broadcasts corrections, along with an additional AFS, to its
surrounding region. Both the corrections and geometric benefits
from an additional surface-to-surface AFS result in significant
improvements in real-time PNT performance for surface users,
even amid large ephemeris and radiometric biases, drift, and
noise. With a lunar constellation as small as three orbiters,
this SSE PNT+C architecture can achieve <10 m positioning
accuracy (30), <21 mm/s velocity accuracy (30), <15 ns timing
distribution (30), and up to 300 Mbps in data throughput for
nearby surface users. Along with PNT+C benefits, the sta-
tion maintains a highly stable timing reference for time distri-
bution, constellation synchronization, and lunar timekeeping.
This paper discusses design considerations for a lunar SSE
PNT+C architecture, demonstrates results of simulated PNT
and communication performance, and considers extensions of
SSE PNT+C architectures to Mars and other planetary bodies.
A lunar surface station can enable a rapid path to full PNT+C
capabilities, while still providing long-term benefits after the
completion of a large lunar infrastructure.
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1. INTRODUCTION

There are multiple efforts to develop an interoperable lunar
relay network for position, navigation, timing, and communi-
cations (PNT+C) on the Moon; these include NASA’s Lunar
Communications Relay and Navigation Systems (LCRNS)
[1], ESA’s Moonlight [2], and JAXA’s Lunar Navigation
Satellite System (LNSS) [3]. These efforts propose a large
constellation of lunar orbiters targeting the lunar south pole
(LSP), with additional plans for global lunar PNT+C capa-
bilities. The large lunar constellation would mimic Earth’s
GNSS through the Augmented Forward Signal (AFS) [4],
enabling accurate and scalable positioning services for the
Moon while also providing communication services through
the LunaNet interoperability Specification (Draft V5) (LNIS)
[5]. However, deploying 10+ orbiters for a lunar constellation
will likely take decades and result in infrastructure costs of
billions in USD before users can utilize accurate and scalable
PNT+C capabilities. Near term missions, such as the Artemis
missions, will still require high-performance PNT+C services
during the early deployment of a large lunar constellation;
when the number of deployed lunar orbiters ranges from 1 to
3.

Thus, we propose the use of a lunar surface station (SS) to
supplement the lunar relay network during its initial phases
of deployment and enable accurate and scalable PNT+C ser-
vices at the LSP. A surface station-enhanced (SSE) PNT+C
architecture significantly reduces the cost and timeline for
effective PNT+C service deployment. A LunaNet compatible
SS located on the LSP utilizing the innovative Joint Doppler
and Ranging (JDR) and high-performance clocks enables
these PNT+C benefits. The SS estimates JDR corrections
on one-way range and Doppler measurements from in-situ
lunar orbiters and broadcasts them to lunar users. The SS can
also provide communication relay services to nearby users,
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resulting in significant increases in data throughput.

Similar SSE architectures exist on Earth, such as differential
GNSS (DGNSS) [6], and published literature propose com-
munication towers on the lunar surface [7] [8]. However, this
concept’s innovations come from its use of JDR and high-
performance clocks, use of a sparse navigation infrastructure
during the early deployment phases of a lunar relay network,
and reduction in overall architecture cost and time to achieve
PNT+C services.

JDR is a novel, SSE-based geometric constraint on one-
way radiometric measurements that improves on the state-
of-the-art by close to a factor of two in estimating real-time
user position, velocity, and timing (PVT) [9]. A previous
SSE-JDR analysis demonstrated accurate, real-time PVT es-
timation to <10 m at 30 with a navigation constellation of
three satellites, enabling navigation services with a partially
complete LCRNS [10]. Another SSE-JDR analysis achieved
similar performance (<10 m 30) for a simulated lunar lander
throughout active descent and landing on the LSP [11]. When
an SS is available, JDR should be used alongside traditional
differential corrections to further improve PNT performance.

Corrections from an SS can aid in PNT, but the crucial com-
ponents of one-way radiometric systems are the timing and
frequency references. If the SS deploys a high-performance
clock, it will likely be the best timing and frequency reference
on the lunar surface. Thus, the SS’s clock could lead the
newly established lunar coordinated time. The Jet Propulsion
Laboratory (JPL) is actively developing the next generation
of high-performance, low-size, weight, and power (SWaP)
clocks that can provide timing and frequency references for
lunar navigation orbiters and surface assets. These include
the Deep Space Atomic Clock (DSAC) and Micro Mercury
Trapped Ion Clock (M2TIC), which can achieve 3 x 10715
and 1 x 10~ in long-term frequency stability with a SWaP
of 9L/10kg/34 W and 1.1 L/ 1.2kg/6W, respectively [12]
[13]. These clocks, along with other commercially available
navigation grade clocks, can enable a lunar timing network
that doesn’t require frequent synchronization with the Deep
Space Network (DSN). Deployment of a high-performance
clock on the SS thus reduces the burden on Earth-based
infrastructure for lunar PNT+C services.

In addition, the SS can act as a communications relay for
nearby surface users. Many proposed lunar relay network
constellations assume the use of elliptical lunar frozen orbits
(ELFO). These orbiters allow for extended visibility on the
LSP at the cost of large distances between the surface and the
orbiter. The communications link for a small, autonomous
rover on the LSP would benefit significantly with a <10 km
surface-to-surface link to a nearby SS relay rather than an
8000+ km link to an orbiter.

The applications of SSE PNT+C also extend past the Moon.
Due to this system’s flexibility with sparse navigation infras-
tructures, an SSE architecture is directly extensible to the
development of PNT+C services on Mars and other planetary
bodies (Europa, outer planets, etc.).

This paper first discusses the concept of operations
(CONOPS) and the architecture and SS design considerations
of a lunar SSE PNT+C architecture. Then, we provide
results of simulated PNT performance of multiple user types
through a high-fidelity navigation simulation. Next, we dis-
cuss communication benefits and data rate capabilities with
an SS relay. Finally, we discuss extensions of SSE PNT+C
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Figure 1: CONOPS of an SSE PNT+C architecture on the
lunar south pole.

architectures to Mars and other planetary bodies.

2. SSE PNT+C CONCEPT OF OPERATIONS
Phase 1: SS Landing and Positioning

The first phase of the CONOPS of a lunar SSE PNT+C
architecture begins with an SS landing at the LSP (Figure 1a).
A physical realization of an SS can take many forms, ranging
from a full mission dedicating a lander to provide SSE
PNT+C services to an SSE payload on board a commercial
lunar payload services (CLPS) lander.

After successful landing, the SS performs precise positioning
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with the LunaNet Service Provider (LNSP) constellation act-
ing as the orbiting navigation and communication nodes. The
LNIS allows for point-to-point (P2P) dedicated radiometric
measurements as a navigation service separate from the AFS
system [5]. The SS can position itself with one or more
LNSPs utilizing this P2P service and with additional data
such as orbital images or DSN tracking.

An SSE PNT+C architecture is compatible with a constella-
tion of one or more LNSPs; Figure 1a depicts two LNSPs for
illustrative purposes. This CONOPS assumes that the LNSPs
have already performed orbit determination (OD) before the
landing of the SS. This is likely a fair assumption for a lunar
use case, but with other planetary bodies such as a Martian
SSE architecture, the SS and LNSP constellation can perform
joint positioning and OD.

Phase 2: Start of PNT+C Services

Once the SS has precisely estimated its position on the lunar
surface, it can begin PNT+C services: phase 2 of the SSE
CONOPS. The four major objectives required of the SS are
to:

1. Receive LNSP AFS and generate JDR and differential
corrections

2. Transmit the calculated corrections to nearby users

3. Broadcast a separate AFS to provide additional radio-
metric measurements to nearby users

4. Provide communications relay services to nearby users

The SS receives the broadcasted one-way AFS pseudorange
code signals from the LNSPs (blue gradients in Figure 1b)
and, knowing its precise position and velocity, generates
JDR and differential corrections on the AFS pseudorange
and Doppler shift measurements [14]. The differential single
difference and double difference corrections mitigate shared
errors in the radiometric measurements, such as errors in
modeled LNSP ephemerides, LNSP clock and frequency er-
rors, propagation errors, and unshared errors such as receiver
specific biases [15].

The SS then transmits the correction dataset to the user so
that they can perform JDR, single differencing, and double
differencing on their respective radiometric measurements.
This transmission of data can be done in various ways: the SS
can directly transmit the correction data through a surface-to-
surface communications link between the station and the user.
The SS can also embed the correction data into the navigation
message that is modulated onto the SS’s own AFS broadcast.
However, if the user is not within line-of-sight (LOS) or
cannot close a communications link with the SS, the station
can also transmit the corrections data though the LunaNet
communications network (autonomous rover in Figure 1b).
The SS would use an LNSP as a relay, enabling access to
the correction data to all users within the coverage of the
LNSP constellation, not just within the LOS region of the SS.
Finally, the SS can transmit the correction data back to Earth,
where operators can use the corrections for post processed
navigation estimation of lunar users.

Another function of the SS is to broadcast a separate, one-
way AFS pseudorange code signal to its local region (orange
gradient in Figure 1b). For user hardware simplicity, the SS’s
AFS broadcast would maintain the same signal design and
transmit frequency as the LNSP AFS, but this may result
in unintentional jamming or interference at close distances
to the SS. The AFS signal-in-space recommendations pro-
vide requirements on minimum and maximum AFS received

3

powers of -166 to -153 dBW [4]. Thus, the SS’s AFS
transmit power would be designed to maintain these received
power requirements in a service volume around the SS, with
a minimum and maximum allowable distance from the SS.
Another option would be to broadcast the SS’s AFS at a
different transmit frequency and for users to downconvert to
the same baseband frequency as the LNSP AFS; these options
are still under investigation.

The final function of the SS is to provide communication
relay services to local users. The user segment for commu-
nication services do not scale infinitely as with broadcasted
pseudorange codes, but the SS can still provide valuable
communication services for many users. Data heavy science
missions and critical astronaut extravehicular activities (EVA)
can reduce their communication hardware requirements by
utilizing the SS as a relay for high data rate, surface-to-
surface links.

Phase 3: Expanded Operations

The third phase of an SSE PNT+C architecture is expanded
operations (Figure 1c). This includes an increased user
segment, the use of a larger LNSP constellation, and long-
term services like timekeeping and OD.

Assuming now there is a large lunar constellation available,
the LNSP constellation itself would be able to provide high-
performance navigation services to lunar users. But just as
with DGNSS on Earth, an SS can still significantly improve
navigation performance with corrections; the JDR and differ-
ential corrections from the SS will continue to improve user
navigation with a larger constellation.

With one-way broadcasted AFS from the SS and the LNSP
constellation, the user segment around the SS can scale in size
without a change in quality and availability of the navigation
system. The only consideration would be a scaling communi-
cation need with an increased user count. Ideally, additional
SS’s can reduce the communications relay burden on a single
SS and increase the coverage for PNT+C services. However,
if the number of users in the SS’s local region overwhelms
the communication capabilities of the SS, some users can fall
back on direct-to-orbiter links and accept a lower data rate.

An SSE PNT+C architecture provides significant benefits
during the early development and deployment of a large
lunar constellation, but SSE will continue to aid and enhance
PNT+C services after the full lunar constellation deployment.
For instance, the SS can act as an anchor to aid in in-situ
orbit determination for the lunar constellation and reduce the
burden of tracking on the DSN.

In addition, the SS can perform long-term timekeeping on
the Moon with a high-performance clock. The clock onboard
the SS will likely be the best clock on the lunar surface,
allowing it to lead the lunar coordinated time. The SS can be
a centralized hub for time synchronization for both the LNSP
constellation and nearby users. For surface users on the LSP,
the Earth sets under the lunar horizon for two week intervals
resulting in around a 50% availability for LOS access to
Earth. For the two weeks without Earth access, surface users
on the LSP will have to maintain timing and communications
by frequently relaying to the LNSP constellation. An SS with
JPL’s DSAC can maintain a fractional frequency stability of
3 x 107! over 23 days without drift removal [12], thus
providing navigation grade timing to all users within the SS’s
service volume. Thus, with an SSE PNT+C architecture,
timing performance at the LSP would no longer be dictated
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Table 1: LCNRS SRD simultaneous AFS link requirement
and inferred minimum constellation size

I0C-Alpha| I0C-Bravo [IOC-Charlie
sl ]
1muaneous MKl g 700, | @ 70%|@ 40%| @ 40%
Requirement [20]
Inferred Minimum
. . 1 LNSP |2 LNSP|3 LNSP| 5LNSP
Constellation Size

by the lack of access to Earth.

3. SSE ARCHITECTURE

Before analyzing the performance of an SSE PNT+C archi-
tecture, we must discuss the likely infrastructure available
during the early deployment of a lunar relay network. Thus,
this work utilizes previous literature and custom analyses to
determine a preliminary constellation design, SS position,
and SS hardware for a lunar SSE PNT+C architecture.

LunaNet Service Provider (LNSP) Constellation

Proposed Constellation Designs—Public literature provides
minimal information about the constellation designs for lunar
PNT+C initiatives. However, we can infer a few likely
constellation properties. First, many initiatives point towards
the use of ELFOs due to their prolonged coverage of the
LSP [16]. A wide range of studies have explored the use of
frozen elliptical orbits in minimal orbit constellations with
applications to navigation and communication at both the
Moon and Mars [17] - [19]. With respect to LCRNS, our
SSE PNT+C architecture will likely be deployed during the
initial operating capability (IOC) phases. NASA’s LCRNS
Services Requirements Document (SRD) state that the ser-
vice volumes for the IOC phases mainly focus on the LSP
(SV1 and SV2) [20]. Thus, this analysis assumes the use
of ELFOs in two orbital planes for all early deployed LNSP
orbiters in our lunar constellation.

Next, is the constellation size and deployment timeline.
The LCRNS SRD describes minimum constellation sizing
requirements (Figure 2) [20]. This requirement states the
number of simultaneous links, or LNSPs, that will be avail-
able to users on the LSP (SV1) and their coverage duration.
Although not explicitly stated, we can infer the number of
LNSPs in the constellation from this requirement.

In the IOC-Alpha phase, only one AFS link will be available
70% of the time; this aligns well with the access duration
of a single ELFO to the LSP. Next, IOC-Bravo describes
an increase to two and three simultaneous AFS links. This
increase in links and coverage duration can be explained
with a constellation of three LNSPs, so we infer that this
phase includes both constellation sizes of two and three
LNSP orbiters. Finally, the IOC-Charlie phase describes four
simultaneous AFS links in view with the use of LNIS’s Lunar
Augmented Navigation System (LANS) service. The LANS
service provides GNSS-like PNT services to the LSP using
a trilateration solution with four or more LNSPs in view. To
achieve four simultaneous AFS links 40% of the time, we
assume a constellation of five LNSP orbiters, meaning IOC-
Charlie includes constellation sizes of four and five LNSPs.
The inferred minimum LNSP constellation size during each
IOC phase is described in Table 1.

4

Table 3-3 Minimum Constellation Sizing Requirements

10C-Alpha 10C-Bravo 10C-Charlie EOC

Service Ka- S- AF Ka- S- AFS Ka- S- AFS / Ka- S- AFS
Type ban ban s ban = ban ban ban LANS ban  ban !

d d LAN

s

Number of 1 1 1 1 1 2 3 2 2 4 2 2 5
simultaneou
s links
Forward/ R F+R F F+R  F+R F F F+R | F+R F only F+R  F+R F

only only only | only

sv1

only
sv3

Return Link
Service
Volume

Min. %
Coverage of
an Earth Day

svi1 sv2 sv3

70% TBR 40%
(with
max.

75% 90% | 70 40 | 75% @ 90% 75% 95% @ 99%
% %

spatial
GDOP<6
)

Notes:

-Links from AFS need to provide geometric diversity; LANS is defined by a minimum of four links in
view simultaneously from geometrically diverse relays.

-Per requirement LCRNS.3.0030, links for AFS will be ubiquitous for each relay.

-Minimum percent coverage of an Earth Day throughout an active Artemis campaign.

Figure 2: Minimum constellation sizing requirements from
LCRNS SRD [20]

Year 2025 2026 2027 ‘ 2028 ‘ 2029 2030 2031
Total Orbiters 0 0 1 ‘ 2 ‘ 4 8 8
ELFO

[ELFo

|eLro
\ ELFO
\ ELFO
|ELFo

NASA LCRNS

ESA Moonlight
ELFO

ELFO
LANS Start

JAXA LNSS ‘

*Assumed 2 year delay from published timelines

Figure 3: Deployment timelines of LNSP constellations with
assumed 2-year delays. Lighter shading indicates published
timelines, darker colors include the 2-year delay. Note that
the proposed timelines for NASA’s LCRNS [20], ESA’s
Moonlight [21], and JAXA’s LNSS [3] were published in
2022 and 2023.

ESA’s Moonlight and JAXA’s LNSS also propose LNSP
orbiters. Moonlight proposes two lunar orbiters in ELFOs
deployed in 2027-2028 [21] and JAXA also proposes two
ELFOs in 2028 and 2031 [3]. A compiled deployment
timeline of LNSP orbiters from all three initiatives is depicted
in Figure 3. Note that both the LCRNS SRD and Moonlight
documents were published in 2022, and JAXA’s in 2023. We
assumed a 2 year delay on the deployment of all LNSPs
across all initiatives for the sake of this analysis; the delay
is not based on any official decisions made by any initiatives.

With the 2 year deployment delay, a minimum LANS AFS
service that could provide scalable PNT+C to the LSP would
begin at 2030 (requires >6 LNSPs). Thus, LSP missions
up until 2030 will only have partial PNT estimation abilities;
they will need to utilize a system such as this SSE architecture
if they require accurate and scalable PNT+C services.

Simulated Constellation Design— Knowing that a constel-
lation of four LNSPs before 2030 is the goal determined
by this analysis, we designed four sequential LNSP orbit
configurations. The four constellation sizes were designed
assuming two orbital planes separated by 180 deg in right
ascension of ascending node (RAAN). The orbits were first
outlined in the Satellite Orbit Analysis Program (SOAP) [22].
The orbital elements of the four constellation configurations
are described in Table 2 and they are visualized with their
associated access intervals to the LSP in Figure 4.

Assuming only two orbital planes, the three LNSP constel-
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Figure 4: Four LNSP constellation sizes in deployment order with access to the LSP. Screenshots from SOAP. Transitioning
between orbit configurations (from size 1-4) only requires changes in orbit anomaly.

Table 2: Orbital elements of four LNSP constellation con-
figurations. Semi major axis, eccentricity, and inclination are
the same for all orbits: a = 6541.4 km, e = 0.6, 1 =56.2 deg.

Orbit | RAAN | w M
fi i LNSP
Configuration | LNS Plane | (deg) (deg) | (deg)
1 LNSP 1 A 0 20 0
2 LNSP : A . % :
5 B 180 90 180
1 A 0 90 0
3 LNSP 2 B 180 o0 | 120
3 240
4 LNSP 3 90
B 180 90—
1 270

5

lation results in at least two LNSPs in view continuously at
the LSP, enabling the use of systems like double differencing.
Increasing the constellation size to five LNSPs results in
three orbiters continuously in view, and a constellation of six
LNSPs results in four orbiters continuously in view enabling
standard kinematic trilateration. This analysis only focuses
on the first four constellation configurations to depict the ben-
efits of SSE PNT+C during early constellation development.

Once the constellations were roughly designed, we utilized
JPL’s Monte software [23][24] to propagate the constellation
trajectories with higher fidelity. We first generated initial
conditions in the IAU Moon pole frame, then integrated in the
Earth-Mean Ecliptic 2000 frame. The analysis used the DIVA
integrator, which has been used at JPL since the 1970s, in-
cluding Sun, Earth, and Moon gravity perturbations [25][26].
Propagation of the LNSPs utilized the DE440 ephemeris,
which includes JPL precise positions for all the planets [27].
Monte generated orbits for all configurations over a period
of one year, and directly generated binary SPICE files for
use in subsequent simulations. In each configuration, the two
elliptical orbit planes were found to remain stable under Earth
and Sun perturbations. The transitions between constellation
configurations given realistic propellant budgets and time
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Figure 5: LSP DEM in QGIS with an overlaid map of LSP
PSRs [28]. The yellow ellipse indicates the Connecting Ridge
and the green circle is the lunar south pole.

constraints will be studied in future work.

Lunar Surface Station

Next, this work analyzed potential sites for the SS. To deter-
mine the optimal location, we performed LOS coverage anal-
yses to maximize coverage area with permanently shadowed
regions (PSR) in the LSP; these will be prime science and
resource targets for future missions. The LOS coverage of
the SS is especially important for the SS’s AFS broadcast.
However, communications may still be possible over the
horizon with diffraction effects around terrain. Thus, we
also perform a radio frequency (RF) analysis to determine
received power in the SS’s service volume.

LOS Coverage Analysis—The SS should be located on a site
that maximizes PNT+C service availability for the LSP. Thus,
this work performed a LOS coverage area analysis for various
sites on the LSP. As a starting point, we selected the Connect-
ing Ridge (CR) as the search space for the potential SS site
due to its relevance to lunar science and high illumination
conditions [28]. The CR runs between the Shackleton and
De Gerlache crater, and it is situated on the top of a ridge
that connects the two craters (Figure 5). The CR will likely
be a key region for exploration missions for two reasons:
first, it provides great access to multiple PSRs, which are of
the highest scientific interest. Figure 5 shows the locations
of PSRs near the CR. Second, the CR receives sunlight for
more than 70% of the time on average, which can mitigate
power management issues [28]. We assume the SS is located
within or near the CR and provides PNT+C coverage to the
surrounding area within a range of up to a few kilometers,
including PSRs.

The performance of the SS, particularly the range and cov-
erage of RF signals, is subject to the topology of the lunar
surface around the SS. Thus, this work utilized a 5 m res-
olution digital elevation map (DEM) of the LSP produced
by the Lunar Reconnaissance Orbiter’s Lunar Orbiter Laser
Altimeter (LOLA) [29]. This DEM was fed into QGIS, an
open source geographic information software, to perform the
analysis [30]. QGIS has a built-in function called viewshed
to calculate LOS coverage. The viewshed analysis takes into
account the topology of the DEM as well as inputs including
the height of the transmitting antenna, height of the receiving
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Figure 6: (a) QGIS-based grid search for SS location on the
CR and site with the largest LOS coverage. (b) LOS coverage
area overlaid with PSR map [28].

antenna, and the size of the area to be analyzed to calculate
the area percentage around the SS that has direct LOS to the
transmitter (Figure 6).

Based on the viewshed plug-in, we developed a custom
Python workflow connected with QGIS that can compare
LOS coverage of multiple points specified by the user, based
on user-defined metrics. In this workflow, a Python script
creates a grid of SS locations to evaluate, calculates the LOS
area percentage for each location in QGIS, and outputs the
site with the best coverage. The resolution of the grid search
space began at 1 km (between points) and reduced to 100 m to
obtain more granular results. In these coverage analyses, the
height of the transmitting antenna on the SS was assumed to
be 15 m off the surface, and the receiving antenna on a rover
at 2 m. The radial distance for the coverage analysis was set at
8 km. Figure 6a depicts an altitude-based visualization of the
CR overlaid with an illustrative grid at a 1 km resolution. The
visualization indicates that the CR is at the top of a ridge with
gradual slopes in all directions. Figure 6b depicts an output
of QGIS: a binary map of the site with a large LOS coverage.

This work performed multiple coverage analyses for various
optimization parameters. One option was to consider the site
in the CR with the highest altitude. However, this site was
found to have relatively low LOS coverage area due to local
topographical features that would block LOS. Additional
analyses suggested that locating the SS at the upper rim facing
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the PSRs would be more advantageous. Thus, the chosen
SS site (-89.51°,225°) did not have the largest LOS coverage
area, but was selected because it provides a wide coverage
to the upper region of the SS that includes two PSRs and
partially covers one more (Figure 6b).

RF Propagation Analysis—Once an SS site was selected,
we utilized Altair’s FEKO, a high-frequency electromagnetic
simulation software [31], for the RF propagation analysis.
With some basic RF hardware assumptions on the SS and a
receiving rover, FEKO generated RF path loss maps of the
SS transmitter. We assumed antenna heights of 15 m for
the transmitter and 2 m for the receiver, an omnidirectional
antenna for the transmitter, and a transmit frequency of UHF
(442.5 MHz) or S-Band (2245 MHz). To measure path
performance, the SS transmitter (TX) power is set to 0 dBm,
TX antenna gain at 0 dBi, and receiver (RX) antenna gain at 0
dBi. FEKO calculates propagation using a deterministic two
ray model in LOS areas, and using knife edge diffraction for
areas without LOS.

If one overlays the LOS coverage map from Figure 6b onto
the RF propagation maps in Figure 7, one will notice that
the RF propagation exceeds the LOS limits of the SS. Some
regions near the SS without direct LOS have reasonable path
loss levels through diffraction, at which the rover should be
able to close the communication link with an appropriate
transmitter and receiver. This effect is more prevalent with the
lower band UHF. These regions without direct LOS but with
enough RF power to close a communications link would still
be able to utilize most PNT+C services from the SS, but with
delays in the SS’s AFS broadcast due to diffraction effects.

Hardware and Functionality— Next, we discuss the vari-
ous functionalities that an SS would require to achieve the
four objectives described in the CONOPS section. Table 3
summarizes the technology readiness levels (TRL) and mass
estimates of each functionality. Note that the mass estimates
are relative to a large, dedicated SS lander such as described
in [7]. A payload version of the SS in a CLPS mission
may have reduced mass estimates and functionalities. Almost
all functionalities of the SS can leverage existing technolo-
gies with high TRL, with the exception of the deployable
communications structure and some LNIS functions. These
technologies currently have moderate TRLs and are awaiting
further demonstrations. The following sections describe each
functionality and potential hardware choices on the SS.

Transponder: The mass and power consumption of the com-
munication systems, including transponder and antenna, was
estimated based on the COMPASS Lunar Communications
Tower (LCT) design report [7]. In the COMPASS LCT study,
a mass of 100 kg and a power consumption of 288 W were
assumed to support Ka-band bi-directional links to LNSPs
and for direct to Earth. This configuration also supports 2 x
100 Mbps return, S-band bi-directional links to LNSPs and
for direct to Earth, as well as 802.16 WiMax-based surface
communication with a data rate of up to 80 Mbps.

These mass and power values correspond to a tower-based
communications system on a large lander dedicated to the ob-
jectives of an SSE PNT+C system. Smaller mass and power
requirements may be possible with other SS configurations,
such as through an SSE CLPS payload or a payload on the
lander component of an autonomous rover.

Deployable Communications Structure: Direct LOS between
the SS and a user provides the maximum utilization of SS

7

(b) S Band (2245 MHz)

Figure 7: FEKO generated RF propagation maps with an
SS transmitting at either UHF or S Band. The power values
depict path loss; TX power, TX antenna gain, and RX antenna
gain are all 0 dBm and 0 dBi. TX antenna height is 15 m and
RX antenna height is 2 m.

benefits. Thus, to increase direct LOS coverage, the SS’s
antenna should maximize its height off the surface. Currently,
the best option for raising the altitude of the SS antenna is
through a deployable structure. The deploying mechanism
will need to be reliable and mitigate single-point failures.
Some studies on deployable structures even require the mech-
anism to be retractable for reversibility.

The COMPASS LCT assumed a 10 m deployable boom
weighing 20.7 kg including a 15% margin [7]. More re-
cently, Honeybee Robotics is developing a 14-m deployable
boom designed for solar panel deployment on the lunar
surface, known as the Lunar Array, Mast, and Power System
(LAMPS) [32] (Figure 8). LAMPS achieved a TRL of 5 in
2023 and is now aiming to reach TRL 6 within the next two
years through additional technical demonstrations. Another
recent study by the Massachusetts Institute of Technology
(MIT) examined a 16.5-m deployable boom designed to
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Table 3: Functionalities of the SS with their associated SS objective, TRL, and mass estimates. The mass estimates are relative
to a large, dedicated SS lander such as in [7]. A payload version of the SS in a CLPS mission may have reduced mass estimates
and functionalities. The acronyms are range and range-rate (RARR) and delta-differential one-way ranging (DDOR).

Functionalities of the Surface Station Objective | TRL | Mass
Receive and process LNSP AFS broadcast 1 Mid
Direct to LNSP communication | Relay communications to/from LNSP 2,4 High
Time-transfer from LNSP 3,4 High
RARR & DDOR with Earth ground station 1,3 High
Transponder | Direct to Earth communication | Relay communications to/from Earth 4 High | 100 kg
Time-transfer from Earth ground station 3,4 High
AFS broadcast to surface users 3 Mid
Surface communication Correction broadcast to surface users 2 Mid
Communication relay services 4 High
High stability clock 3 High | 10 kg
Communication tower deployable structure 1,2 Mid | 20 kg
Power and thermal control 1,2,3,4 | High | 3-45kg
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Avionics
Connectors
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Figure 8: LAMPS developed by Honeybee Robotics in
partnership with mPower Technology [32]. Left is a concept
illustration of LAMPS and right is a prototype test deploy-
ment.

elevate a 1U CubeSat payload package, called the Multi-
functional Expandable Lunar Lightweight and Tall Tower
(MELLTT) (Figure 9). MELLTT achieved a TRL of 3-4 in
2023 after demonstrating the hardware on the ground [33].

For our research, we assume a deployable boom with the SS’s
antenna 15 m from the lunar surface. Although the current
TRL of these deployable structures is around 5, ongoing
research programs are expected to increment the TRL. The
mass of the tower architecture is assumed to be 20 kg based
on the LCT design, but it could be changed depending on
technology needs and SWaP requirements.

As stated before, LSP users do not require direct LOS with
the SS. Differential and JDR corrections can be transmitted
from the station directly to the user over the horizon or
broadcasted to an LNSP which would relay them to users.
However, direct LOS with the station guarantees the ad-
ditional AFS range code from the SS, which can provide
significant benefits in PNT geometric diversity, and improves
surface-to-surface communication capabilities.
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Figure 9: MELLTT developed by MIT [33]. Left is a
concept illustration of MELLTT and right is a prototype test
deployment.

Power and Thermal Control: Current solutions for power on
the LSP include solar arrays and radioisotope thermoelectric
generators (RTG). Previous literature has performed studies
of power solutions of a lunar SS and their considerations
with different SS concepts [8]. Lack of continuous sunlight
and thermal considerations make RTGs an attractive option.
A lunar day/night cycle is approximately 29.5 Earth days
(708 hours), resulting in a lunar day equivalent to about
14.75 days (354 hours), with the same duration for the lunar
night; the 14.75-day lunar night is a worst-case scenario [34].
Depending on the location in the LSP, increasing the height
of solar panel structures can reduce the night cycle to as little
as 100 hours [8]. These lunar day/night cycles result in large
temperature fluctuations from 75 K - 300 K in the LSP [34].

RTGs can provide continuous power for decades, far ex-
ceeding the lifespan of typical batteries or the duration that
solar panels can be effective, especially in environments with
limited sunlight. Additionally, the heat generated by RTGs
can be used to keep spacecraft instruments warm, ensuring
they operate correctly in the extreme cold of space or on
distant planetary surfaces. RTGs are an established tech-
nology which have been used for many planetary missions,
such as Voyager 1 and 2, New Horizons, Cassini-Huygens,
and the Curiosity and Perseverance rovers. A state-of-the-
art, Multi-Mission Radioisotope Thermoelectric Generator
(MMRTG) powers the Martian rovers [35] (Figure 10). These
MMRTGs are around 66 cm tall, have a fin-tip to fin-tip
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Figure 10: RTG options for power and thermal control on the
SS. Left: MMRTG [35] and right: SLP-RTG [36].

diameter of around 64 cm, and weigh around 45 kg. They
produce around 110 watts of electrical power and 2,000 watts
of thermal power at launch [35]. Advancements in RTGs
technologies could enable small-SWaP RTGs. These concep-
tual small, low-power radioisotope thermoelectric generators
(SLP-RTG) could provide 10s of watts of electrical power and
100s of watts of thermal power at a size of approximately 25
cm x 25 cm x 25 cm and an anticipated mass of 3 kg at under
$10M? (FY2024) [36] (Figure 10). These small-SWaP RTGs
could enable the use of a long-term SSE payload on a CLPS
lander instead of a large, dedicated SS.

High Stability Clocks: Due to the lack of Earth access for

around two week intervals at the LSP, timing references need
to maintain stability throughout these long periods indepen-
dent of signals from Earth. The generation and broadcast of
an AFS requires high timing accuracy and stability, meaning
autonomous and long-term stable (low drift) atomic clocks
are essential for precise lunar navigation.

The current state-of-the-art for deep space clocks is the DSAC
[12]: JPL’s latest demonstrated advancement in trapped ion
atomic clocks (Figure 11). During its 2-year technology
demonstration in space, DSAC demonstrated a short-term
stability of 1.5 x 10713 /7/2 and a long-term stability of
3 x 1071° over 23 days; a time deviation of only 4 ns at
23 days with no drift removal. For other SS realizations,
such as with an SSE payload, timing options include the
low-SWaP Micro Mercury Trapped Ion Clock (M2TIC) [13].
M2TIC prototypes can reach 1 x 1071* at 1 day, but with a
significantly reduced SWaP of 1.1 L, 1.2 kg, and under 6 W
(Figure 11).

These clocks, along with other commercially available atomic
clocks, can enable an SS to provide long-term stable timing
references for PNT services, time distribution to LNSPs and
users, and lunar timekeeping.

Lunar Surface Users

Finally, this work generated trajectories for various surface
users. We focused on two user types ranging in speed and
behavior: an autonomous rover performing a sweep of a PSR
and a crewed vehicle circling a PSR.

To generate user trajectories, we modified the Python and
QGIS workflow developed for the LOS coverage analysis.
The inputs to the workflow include motion rules, trajectory
length, and other constraints. This workflow generates tra-
jectories in CSV format, producing latitude, longitude, and

2The cost information contained in this document is of a budgetary and
planning nature and is intended for informational purposes only. It does not
constitute a commitment on the part of JPL and/or Caltech.
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Figure 11: Highly stable clock options for time and fre-
quency references on the SS. Left: DSAC [12] and right:
M2TIC prototype [13].

Figure 12: LSP user trajectories generated by the Python
QGIS workflow. Left: circular trajectory around a PSR by
a crewed lunar vehicle and right: grid trajectory in a PSR by
an autonomous ISRU rover.

altitude of the user at sequential timesteps in addition to the
SS-to-user direct LOS access. Because the DEM imported
into QGIS is limited to a 5 m resolution, an additional
step after the Python workflow was to interpolate the user
trajectory to a finer resolution, also providing control over
velocity of the trajectory.

The first user type is a crewed lunar vehicle. This vehicle
drives in a circular path around the PSR, exploring and scout-
ing the region. The second user type consists of an in-situ
resource utilization (ISRU) mission led by an autonomous
rover. This rover explores or harvests resources in a PSR
near the LSP. Both trajectories are approximated in Figure
12. After interpolation, these user trajectories have largely
varying speed magnitudes; Figure 13 depicts user speed per
axis for each user type. Because the user trajectory generation
workflow utilized the DEM in QGIS, the trajectory position
and velocities vary over time with local terrain.

4. NAVIGATION AND TIMING PERFORMANCE
Navigation Simulation

To evaluate the navigation performance of the SSE PNT+C
architecture, this work implemented a high-fidelity naviga-
tion simulation in MATLAB. This analysis utilized the same
navigation simulation from previous JDR analyses [10] [14],
but with the LNSP constellation, SS, and user trajectories
described in the previous section. The simulation assumes
bias, drift, and noise on the modeled orbit ephemerides,
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Figure 13: Per axis speed of both crewed vehicle and au-
tonomous rover user trajectories. Note that the duration of
both trajectories are different due to user speed. Axes are in
the lunar inertial reference frame.

Table 4: DLL and FLL tracking loop parameters. Some
values taken from [37]

Parameter Value
Chip Length Ao 29.305 m
Loop Bandwidth By, 1 Hz
Early-Late Spacing  d 1 chip
Integration Time T 1 sec
Factor F | 1 (high C/Ny)

SS position and velocity, and in radiometric measurements.
The modeled errors on the radiometric measurements are
derived from tracking loop thermal noise, propagation errors,
and an oscillator phase noise model dependent on the clock
deployed at each navigation node; more detail on error gen-
eration is described in previous papers [14]. This analysis
does not fully simulate the delay locked loops (DLL) and
frequency locked loops (FLL) assumed for the pseudorange
and Doppler measurements, but instead models their thermal
noise and dynamic stress. An updated thermal noise model
scales based on the carrier to noise power (C'/Ny) simulated
for each link [38]:

B Brd 1

UtDLLAC\/2C/NO< +TC/N0> (m) (D)
1 [arBy, 1

OtFLL—M\/C/NO <1+TC/N0) (Hz) (2

where the parameters are described in Table 4. The C/Ny
is simulated with user hardware assumptions similar to the
astronaut EVA suit described in section 5 and the orbiter
transmitter in [37]. The dynamic stress errors are incorpo-
rated into the simulated noise for both FLL and DLL [14]
[37].
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Table S: Bias value scaled by a uniform random distribution,
drift rate 1o, and Gaussian noise 1o of simulated measure-
ments and user knowledge.

Uniform Bias Drift Rate 1o Noise 1o

ol dtusr 5000ns| Jtysr 10 ns/hr | weey, g, S 1S
§ dtss 0 ns _57555 4 ns/23 days| wsgs 1nS
—§ Strnsp  1ns | dtpnsp 4ns/23 days [wse, yep 1 DS
2 EpLnsp I m
A w, 1m
EST,Tadial I'm gSr,radial 0.1 m/hr
cQ;) gST,along 10 m EST,along 1 m/hr
5 bST,cross 10 m bST,cross 1 m/hr
gSv,radial 1 mm/s ESU,radial 1 mm/s/hr

b, along 10 mmV/s|bs, atong 10 mm/s/hr

ESv,cross 1 mm/s Z;S,U,cross 1 mm/s/hr
7 ngwyz 1 m gRT,xyz 10 mm/hr
ng,wyz 1 mm/s ER,U’;Eyz 0.01 mm/s/hr

Table 6: Doppler frequency measurement error parameters
[10]. The user deploys a chip scale atomic clock and the SS

deploys a DSAC. AeB signifies A x 105

Oscillator CSAC DSAC
Error Statistic User Surface Station
bose,s bose,t 0 Hz 0 Hz
bose,x,r  bosc,r +3e-10fy Hz 0 Hz
Wpropk  bprop +0.01 Hz +0.001 Hz
bs.k o, 2.29e-8 Hz/hr 2.29e-8 Hz/hr
bx.rk O 2.29e-5Hz/hr  2.29e-8 Hz/hr
wagrse OFLL |0tk + foR/3 Otopn + F/3
W sr Ooseu 8.99¢-7 Hz 8.99¢-7 Hz
Whe. x np Toser 0.0172 Hz 8.99¢-7 Hz
Wpropk  Tprop 0.01 Hz 0.001 Hz

Table 5 and 6 describe the updated error parameters utilized in
this navigation simulation. As with previous analyses, radio-
metric errors are unique to each link; the errors on the links
between all LNSPs, the SS, and the user are independently
simulated and combined during each transmitter / receiver
measurement realization. Thus, errors from a single LNSP
that are shared in radiometric links to both the user and the
SS can be mitigated through JDR and differential corrections.
Double differencing further mitigates receiver specific errors
onboard the user and SS. The simulated frequency biases
on the user receiver’s Doppler shift measurement can be
up to 1 Hz, resulting in significant errors for methods that
cannot utilize double differencing’s Doppler bias mitigation.
Although the user’s clock bias is estimated, the Doppler
biases are not and can only be diminished through double
differencing methods and/or calibration.

The simulated user deploys an extended Kalman filter (EKF)
to estimate a 7 element state in real-time: 3D position, 3D
velocity, and a user clock bias, assuming a range and Doppler
measurement from each LNSP in view at each second. If the
user has access to 2 or more LNSPs the EKF automatically
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utilizes double differencing (DD). If there is access to only
one LNSP, the EKF reverts to single differencing (SD). With
no LNSP access, the user can only navigate with the surface-
to-surface pseudorange measurement broadcast through AFS
from the SS. We do not simulate any inertial navigation
systems so that the results directly compare the performance
of the SSE and non-SSE PNT systems.

A moving user estimating 7 dynamic states with a constel-
lation of only one LNSP results in an unobservable solution.
Thus, for the single LNSP constellation, this analysis assumes
a static user. For constellation sizes 2 - 4, the analysis
simulates navigation performance for both the crewed vehicle
and autonomous rover users. In the two LNSP constellation
there are intervals with only one LNSP in view. During these
intervals the user stops moving; the user resumes its trajectory
when two LNSPs are available.

This analysis evaluates three different navigation methods:
traditional range and Doppler (Trad RD), traditional DD
(Trad DD), and DD with JDR (DDJDR). Trad RD creates
a baseline for PNT performance without an SS. The double
differencing methods benefit most from an SSE PNT+C
architecture, but DDJDR increments on Trad DD with the in-
novative JDR. Thus, DDJDR is the default navigation method
used with SSE when two or more LNSPs are in view to a user.
Figures 17 - 19 at the end of this paper provide the distribution
of performance of all navigation methods for PVT estimation
of both user types.

The navigation simulation begins with a process noise op-
timization to achieve the best simulated performance. This
analysis optimizes for position estimation accuracy, but the
process noise can be changed to optimize for velocity or
timing estimation. The analysis then begins a Monte Carlo
simulation with 1000 iterations using the optimal process
noise values for each method.

Results— Figure 14 depicts the mean and 30 root-sum-
squared (RSS) PVT error over the entire analysis interval
for the crewed vehicle user and a three LNSP orbiter con-
stellation. The figure compares the use of DDJDR with
the traditional DD method, depicting the improvements in
position estimation stability with JDR relative to the state-of-
the-art. Both methods converge to under 20 m within the first
few minutes, and both mean errors steady state to under 5 m.
However, DDJDR provides a more stable positioning solution
throughout challenging geometry scenarios, resulting in a
lower overall 30 positioning error. A similar result is shown
in timing performance, while velocity estimation is near
identical between both methods.

When comparing the steady state performance of the two
methods (>2 hours), DDJDR achieves a RSS 3o positioning
performance of 10.0 m, more than a 60% improvement on
Trad DD’s 16.3 m at 30. Thus, DDJDR, the default SSE-
JDR method, improves on traditional DD with no changes in
architecture and no additional measurements. Even more, due
to the significant radiometric errors (such as Doppler biases),
SSE-JDR improves on non SSE methods (Trad RD) by near
an order of magnitude (Figure 15). With varying constellation
sizes, the SSE-JDR navigation system consistently provides
order of magnitude improvements in position estimation ac-
curacy relative to Trad RD (Figure 17).

Table 7 depicts the 30 PVT performance of the SSE-JDR
system with respect to constellation size. It is clear that
additional orbiters improve performance: there is an order
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Figure 14: Mean and 30 PVT error for DDJDR and Trad DD
for the crewed vehicle and a 3 LNSP constellation over 1000
simulations. Throughout the entire analysis interval the LSP
has access to two LNSPs with two short intervals (~10 min)
with access to all three LNSPs.
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Figure 15: Mean and 30 positioning error showing near
order of magnitude improvement between traditional range
and Doppler vs. double differencing methods for the crewed
vehicle and a 3 LNSP constellation over 1000 simulations.
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Table 7: 30 (99.73%) confidence of state estimate error over
1000 simulations for crewed vehicle, autonomous rover, and
static user over all constellation sizes for DDJDR. The values
(X, Y) are X for mean and Y for standard deviation of error.

[LNSPCount| 2 [ 3 [ 4
Pos (m) 21.6 10.0 56
. (8.8,3.8) | (2.7,1.3) [(1.7,0.8)
2 3 1083 20.6 175
z .2
L3 Vel (mm/s) | 539 16.2)[(103. 1.9)| (5.9, 1.9)
139 10.9 59
Ik
Clk@) 1 3403 | ©08.06) |04.03)
20.0 9.0 6.6
P
2 osm | 6235 | @1.1.0) |(19.1.0)
9
g5 89.0 17.9 2.8
§§ Vel mo/s) | 331 17| 5.1,2.4) |29, 1.0)
2 35.8 141 93
Ik
Che@s) | ¢ 13 | 07.05) |06, 04)
| LNSP Count | 1
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Figure 16: Mean and 30 PVT error for DDJDR and Trad DD
for the autonomous rover and a 2 LNSP constellation over
1000 simulations. This analysis interval begins with access
to two LNSPs at the LSP until 1.3 hrs, then access reduces to
only one LNSP in view until 5.5 hrs. This cycle of two and
one LNSP access repeats until the end of the analysis interval.
Double differencing is only possible with > 2 LNSPs in view;
with access to only 1 LNSP, DDJDR falls back to single
differencing with JDR.

12

of magnitude improvement with the increase from two to
four LNSPs. This is as expected, due to the two orbiter
constellation containing intervals of only one LNSP in view.
This forces the user to utilize single differencing techniques
instead of double differencing, no longer mitigating user
frequency biases. These effects can be seen in Figure 16,
where intervals with two LNSPs in view result in sub-20 m
30 performance, but the overall 30 performance is degraded
by intervals with only one LNSP in view. In addition, the
time to convergence takes longer with fewer LNSPs in view.

Ultimately, the SSE PNT+C system can provide significantly
improved, real-time PVT estimation for users in the LSP. The
addition of an SS at the LSP that can provide PNT services
enables order of magnitude improvements in positioning per-
formance with only a fraction of the orbiters planned for a
full lunar constellation. With only three LNSPs, the SSE-
JDR method can achieve LCRNS SRD’s position knowledge
requirement of 10 m (30) [20].

5. COMMUNICATION PERFORMANCE

In addition to improving PNT performance during the early
stages of lunar relay constellation deployment, the SS can
also provide communication advantages to users in the LSP.
As a critical piece of lunar infrastructure, the SS will likely
be equipped with a large, high-power antenna and radio
system, and will also be orders of magnitude closer to the
surface users than any LNSP orbiters. By communicating
through the capable SS, rather than directly to relays or to
Earth ground stations, users can simultaneously improve their
potential data return and relax SWaP requirements for their
telecommunication subsystems.

To quantify the communications benefits of the SS, this
research performed a basic link analysis with two candidate
lunar surface users: an astronaut wearing an EVA suit and an
autonomous rover. The telecommunication hardware and link
assumptions for the SS, LNSPs, Earth ground station, and
users are summarized in Table 8. The link analysis accounts
for basic losses and noise sources appropriate for each link.
For links from the lunar surface to LNSP relays, the only
loss considered (in addition to the assumed hardware losses
listed in Table 8) was the free space path loss (FSPL). For
the LNSP relay-to-Earth link, both FSPL and atmospheric
attenuation were considered. For lunar surface-to-surface
links, multipath effects were factored into the overall path
loss calculation. An achievable data rate for each link was
computed by comparing the received power to noise ratio
against the required Eb/NO for the given coding scheme. This
analysis focused on the return data direction and assumed that
all surface user links would be directed through either the
LNSP relays or the SS given that direct visibility to Earth
would only be available for at best ~14 days per month at
the LSP. Dependent on terrain, some LSP users may have no
direct access to the Earth at all.

Results

The link analysis results are summarized in Table 9. This ta-
ble also describes various multipath loss generation methods
for the surface-to-surface links, on top of losses described in
Table 8. As a baseline, the first model only includes losses
due to FSPL. The next method calculates multipath losses
through FEKO and the 5 m resolution DEM of the LSP. Next,
we evaluate a 2-ray ground reflection model with the DEM.
Finally, we evaluate a worst case rule of thumb for multipath
losses: a FSPL calculation but with the link distance raised
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Table 8: Communications hardware and link analysis assumptions

Parameter Value Notes and Sources
SS-to-LNSP
f th
Transmit Frequency (Ka) 27.25 GHz (ass.uineii cer;tlertcf) the
Surface Station appropriate unzfl e reque.:ncy
band for all transmit frequencies) [5]
Transmit Power 20 W [7]
Antenna Diameter 1m [7]
LNSP Transmit Frequency (Ka) 26.25 GHz LNSP-to-Earth [5]
Relay Orbiter Transmit Power 20 W [39]
cay ¢ Antenna Diameter I m [39]
Transmit Frequency (S) 2.245 GHz /2.2 GHz Rover-to-SS / Rover-to-LNSP [5]
Autonomous Transmit Power 5W [40]
Rover Antenna Diameter (HGA) 0.75m [40]
Antenna Gain (LGA/Omni) 3 dBi [40]
Transmit Frequency (S) 2.245 GHz /2.2 GHz EVA-to-SS / EVA-to-LNSP [5]
Astronaut -
) Transmit Power 1w [39]
EVA Suit -
Antenna Type Dipole [39]
Earth Ground Antenna Diameter 18 m LEGS Antenna [41]
Station Lumped Receive Hardware Losses 2 dB [41]
System Noise Temperature 240 K [41]
Accounts for circuit losses,
Shared Lumped Hardware Losses 5dB pointing losses, polarization losses, etc.
Assumptions (applies on both TX and RX side)
(For all users Antenna Efficiency 55% [39]
except Earth Assume LDPC 1024,
Ground Stations) r=1/2 coding scheme,
Eb/NO Threshold 2.2dB
/NO Thresho OQPSK modulation,
Acceptable BER of 1e-8 [39]
Accounts for internal
System Noise Temperature 600 K receiving hardware noise sources and
lunar surface hot body noise
Link Margin 3dB Applied to all links

to the power of 4 instead of 2 (“Range*”). A pessimistic

option further increases losses for this worst case model by
10 dB. These multipath models describe a significant range
of possible multipath fading. However, it is clear that with
nearly all of the multipath models, the communication links
through the SS relay are still bandwidth limited rather than
power constrained.

Given a modestly sized LNSP relay and a LEGS ground
station, the LNSP-Earth link was found to be capable of
~1 Gbps data rate at Ka-band. This performance level is
consistent with previous lunar relay studies and the expected
performance of LEGS [39][41]. An SS equipped with a 1-
meter Ka-band antenna was found to be capable of 1.6 - 4
Gbps to the LNSP when limited by power only, with the range
in data rates arising from the variation between the minimum
and maximum range between the LSP and a visible lunar
relay in a 12-hour ELFO. Due to bandwidth constraints, this
link will likely have a maximum data rate of around 1 Gbps
regardless of SS-to-LNSP distance. Thus, the performance of
the SS-to-LNSP link roughly matches that of the LNSP-Earth
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trunk link. If desired, the SS could communicate direct-to-
Earth with approximately the same throughput as the LNSP
relay trunk link (given that the relay and SS were assumed
to have the same sized antennas). However, it will often be
necessary to go through the LNSP relays due to the lack of
continuous access between the LSP and Earth.

Rover User— For the rover user, we assumed a similar
telecommunication system to that of the planned Endurance
rover [40]. This includes a 75 cm S-band high gain an-
tenna (HGA), as well as an omni-directional S-band low
gain antenna (LGA). With the HGA, the rover is capable
of communicating at only 1.5 - 3.75 Mbps directly to the
LNSP orbiters. However, when communicating to the nearby
SS with its omni-directional LGA, the link can achieve on
the order of tens to hundreds of Gbps when only power
constrained. In reality, these extreme data rates are infeasible
due to spectral allocation and efficiency limitations, thus this
analysis assumed a bandwidth limited maximum data rate
of 300 Mbps. This rate was estimated from the bandwidth
allocated for S-band surface-to-surface links in the LNIS of
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Table 9: Communication data rates of links between surface users (rover and astronaut during EVA) and the SS relay or the
LNSP relay orbiter. All data rates are likely bandwidth limited except for links marked with *; these are power limited.

Link Band Range/Path Loss Conditions Data Rate
Min Avg Max Min Loss | AvgLoss | Max Loss
LNSP to Earth Ka 356,450 km 385,000 km 406,700 km 1.24 Gbps* | 1.06 Gbps* | 0.95 Gbps*
SS to LNSP Ka 5240 km 7290 km 8280 km 1 Gbps 1 Gbps 1 Gbps
dRi‘r’zCetrt(OHﬁ\?s)P S 5240 km 7290 km 8280km  |3.75 Mbps* | 1.94 Mbps* | 1.50 Mbps*
1 km (FSPL, 5 km (FSPL, 10 km (FSPL,
R LGA M M M
over (LGA)to SS| S 99.5 dB) 113.5 dB) 119.5 dB) 300 Mbps | 300 Mbps | 300 Mbps
1 km (FEKO, | 5km (FEKO, | 10km (FEKO,
Rover (LGA)to SS| S 107 dB) 114 dB) 120 dB) 300 Mbps | 300 Mbps | 300 Mbps
1 km (2-Ray, 5 km (2-Ray, 10 km (2-Ray,
R LGA M M M
over (LGA)to SS| S 953 dB) 122 dB) 134 dB) 300 Mbps | 300 Mbps | 300 Mbps
1 km (Range?®, | 5 km (Range®, | 10 km (Range?, N
Rover (LGA)to SS| S 100 dB) 128 dB) 140 dB) 300 Mbps | 300 Mbps | 111 Mbps
1 km (Range®*, | 5km (Range?, | 10 km (Range*, " "
Rover (LGA)to SS| S 110 dB) (pess) | 138 dB) (pess) | 150 dB) (pess) 300 Mbps | 177 Mbps* | 11.1 Mbps
EVA
direct to LNSP S 5240 km 7290 km 8280 km 12.6 kbps* | 6.49 kbps* | 5.03 kbps*
1 km (FSPL, 5 km (FSPL, 10 km (FSPL,
EVA to SS S 300 Mb 300 Mb 300 Mb
© 99.5 dB) 1135 dB) 119.5 dB) ps Pe ps
1 km (FEKO, | 5km (FEKO, | 10 km (FEKO,
EVA M M M
VA to SS S 107 dB) 114 dB) 120 dB) 300 Mbps | 300 Mbps | 300 Mbps
1 km (2-Ray, 5 km (2-Ray, 10 km (2-Ray, *
EVA to SS S 95.3 dB) 122 dB) 134 dB) 300 Mbps | 300 Mbps | 122 Mbps
1 km (Range®, | 5km (Range?, | 10 km (Range?, "
EVA to SS S 100 dB) 128 dB) 140 dB) 300 Mbps | 300 Mbps |30.6 Mbps
1 km (Range4, 5 km (Range4, 10 km (Range4,
EVA Mbps |48.9 Mbps* | 3.06 Mbps*
0SS S 1 110 dB) (pess) | 138 dB) (pess) | 150 dB) (pess) | -0 MOPS |48.9 Mbps*| 3.06 Mbps

150 MHz (2.5035 - 2.655 GHz) [5] and the assumption of
2 bits/symbol through QPSK, resulting in a 2 bits/symbol x
150 MHz = 300 Mbps.

Even with bandwidth limitations, the rover-to-SS link far
exceeds the direct rover-to-LNSP relay link in data rate
by two orders of magnitude. It is important to note that
the improvement in data rate through the rover-to-SS link
was achieved while also switching from the rover’s direc-
tional HGA (which requires precise pointing) to the omni-
directional LGA. This demonstrates how the SS can enable
higher data rates while also mitigating the SWaP and opera-
tional complexity required of future LSP missions.

Astronaut EVA User—The link analysis demonstrates sim-
ilar improvements for the astronaut EVA suit links. When
communicating directly to a LNSP relay, the EVA suit’s
relatively low power dipole antenna is only capable of 5 -
12 kbps, however, when communicating with the nearby SS,
the EVA suit is mostly bandwidth limited at 300 Mbps. Even
with the worst case, power constrained multipath loss model
(pessimistic “Range*”), the EVA-to-SS link is capable of 3
Mbps, orders of magnitude larger than the direct link from
EVA-to-LNSP relay.
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It is clear that an SSE PNT+C architecture provides sig-
nificant communications benefits for LSP users, especially
users that will need to prioritize low SWaP hardware. In
addition to data rate benefits, funneling data from multiple
local users through the SS simplifies operations for LNSP
relays, which would only need to communicate with the SS,
rather than each user individually. Although this analysis only
evaluates surface-to-surface links up to 10 km in distance,
longer range links are possible from a power perspective.
Over the horizon communications links may be possible with
diffraction effects described in Figure 7.

6. THE MOON TO MARS ARCHITECTURE

This analysis mainly focuses on the implementation of an
lunar SSE PNT+C architecture to support the early deploy-
ment phases of a large lunar constellation. However, the
applications of SSE PNT+C extend past the Moon. At its
core, SSE PNT+C is a minimal infrastructure communica-
tions and navigation architecture. Thus, SSE PNT+C is
directly extensible to the development of communication and
navigation services at other planetary bodies (Mars, Europa,
outer planets, etc), which may only be able to support sparse
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infrastructures.

NASA plans to use the lessons learned during the return to the
Moon as a stepping stone for future Mars missions through
its Moon to Mars Architecture [42]. Thus, this section will
briefly analyze the application of an SSE PNT+C architecture
at Mars and discuss some important considerations during the
Moon to Mars initiative. Table 10 at the end of this paper
summarizes the differences in technical and environmental
constraints between the Moon and Mars.

Published literature includes various feasibility studies for
Mars navigation systems [43] - [45]. Several Martian orbiters
currently support communication and navigation for missions
in the vicinity and on the surface of Mars. The orbiters in this
Mars Relay Network (MRN), are equipped with instruments
to relay data between Earth and Mars surface missions, map
the Martian surface, and assist in navigation. For instance, the
Mars Reconnaissance Orbiter (MRO) serves as a crucial relay
for communications between Mars rovers and Earth. MRO,
along with the Mars Atmosphere and Volatile EvolutioN
(MAVEN) and ExoMars Trace Gas Orbiter (TGO) utilize the
Electra UHF radio for these relay services. For navigation,
TGO recently demonstrated radiometric navigation of the
InSight Lander using 1-way and 2-way Doppler measure-
ments [46]. However, providing navigation services is not
the primary function of any of these orbiters. In addition,
many of the orbiters in the MRN are past their original
mission lifetimes, and will likely not be able to support far
future Martian missions. Thus, we assume that for far future
Martian missions, there will be a dedicated Martian PNT+C
constellation, similar to the LunaNet systems proposed for
the Moon.

Some key differences will be in the orbit designs of the
Martian PNT+C constellations. ELFO orbits were an attrac-
tive choice for lunar constellation initiatives due to the focus
on the LSP. ELFOs provide increased coverage and access
durations at the LSP at the detriment of reduced access at the
rest of the lunar surface. The target region for Mars likely
ranges from the northern and southern mid latitudes; a Mar-
tian constellation would thus optimize for global longitudinal
coverage, up to these mid latitudes. This typically results in
circular orbits, likely inclined for improved navigation geom-
etry. These orbiters will likely be in medium Martian orbits to
increase coverage, far above the current MRN orbiters which
range from 200 - 400 km in altitude. Ultimately, because the
constellation does not have a target region to focus on, users
may have access to fewer simultaneous relay orbiters for
PNT+C needs. This, along with the large cost of deploying
a Martian relay constellation, may make the implementation
of an SSE PNT+C architecture a necessity for real-time and
accurate PNT+C services on the Martian surface.

Without a specific target region on the Martian surface, the
location of a potential Martian SS is to be determined. Fu-
ture missions, such as human Martian missions, will dictate
the target regions that require higher PNT+C performance.
Crewed missions to Mars will likely follow multiple au-
tonomous landers to the human landing site, all of which
would prepare the site for human arrival. One (or more) of
these landers could be dedicated for SSE PNT+C services,
or SSE payloads could be deployed on multiple landers.
As future missions explore more of the Martian surface,
the landing component of the missions could provide SSE
PNT+C services for nearby surface users.

Navigation accuracy requirements will vary among user

15

types. Mars landers require precise navigation during descent
and landing; studies have shown the viability of EDL naviga-
tion using radiometric measurements from the Mars Network
[44]. Access to an SS during atmospheric entry is not likely
during atmospheric braking, but the descent and landing
could utilize an SSE system. Astronauts will likely have the
most stringent navigation and communication requirements,
but they will typically stay within a few kilometers from
their habitats. Thus, an SSE payload on the habitat may be
a necessity to achieve their stringent PNT+C requirements.
Autonomous rovers can range from long distance explorers
to short distance utility machines. An example of the latter
would be an ISRU rover, which could utilize a central SS
for PNT+C services. Long distance rovers will likely be out
of reach of SSs, but can still utilize navigation corrections
sent through the relay orbiter constellation. These rovers
will achieve their navigation requirements with a fusion of
measurements, including inertial navigation systems (INS),
cameras, and odometry. However, SSE and radiometric
measurements still play a critical role in improving absolute
and long-term positioning accuracy.

An accurate timing and frequency reference in a Martian SS
will be crucial for maintaining timing synchronization of the
Martian relay constellation and timekeeping of the Martian
coordinated time. The infrequent communications with Earth
highlight the benefits for SSE not only for timing but also for
in-situ orbit determination.

Finally, there are significant differences in environmental
considerations between Mars and the Moon. The largest
difference is the Martian atmosphere. Just as on Earth, trans-
mitting pseudorange codes through a charged atmosphere can
lead to delays in the signal that result in errors in the range
measurement. On Earth, atmospheric delays can be estimated
with DGNSS and the corrections relayed to users. Thus, a
Martian SS would provide similar corrections for its local
region. Temperature ranges on the Martian surface are not as
significant as on the LSP, reducing hardware requirements for
an SS. With frequent dust storms, a long-term SS will likely
require an internal power source, such as an RTG.

Ultimately, a Martian implementation of an SSE PNT+C ar-
chitecture will require changes from a lunar implementation.
However, the benefits of SSE are clear on Mars and, by
extension, any other planet with sparse infrastructures.

7. CONCLUSIONS AND FUTURE WORK

The SSE PNT+C architecture provides significant cost sav-
ings, time savings, and PNT+C improvements to a near-term
lunar constellation. An SS on the LSP provides not only JDR
and differential corrections to nearby surface users, but also
improved geometric diversity with an additional AFS broad-
cast. Communications relay through the SS increases data
throughput, reduces hardware requirements on all users, and
simplifies LNSP network operations. Timekeeping and OD
through the SS also reduces burden on the DSN. Applications
reach beyond the Moon to Mars and exploratory missions to
other planetary bodies.

Future work for SSE PNT+C includes additional lunar orbit
design studies, initial designs for small scale SSE payloads,
improved navigation and communication simulations, and
hardware demonstrations of SSE corrections.

Although this paper mainly discusses a large, dedicated
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lander acting as the SS, the SSE objectives may still be
possible in a low-SWaP design. An SSE payload could be
deployed early through the CLPS program, providing crit-
ical services for near-term Cislunar missions with stringent
PNT+C requirements, such as the Artemis missions. Thus,
we plan to explore designs for an SSE payload and evalu-
ate compromises with the limited SWaP. A future hardware
demonstration of SSE PNT+C on Earth using GNSS signals
would increase the TRL of SSE PNT+C in preparation for a
CLPS payload.
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Figure 17: Mean (bars), 1o (error bars), and 3o (points) of positioning error for all methods and both user types.
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Figure 18: Mean (bars), 1o (error bars), and 3o (points) of velocity error for all methods and both user types.
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Figure 19: Mean (bars), 1o (error bars), and 3o (points) of timing error for all methods and both user types.
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Table 10: Key differences in technical and environmental constraints for an SS deployed on the Moon or on Mars.

Item

Moon Surface

Mars Surface

Design Impact

Service target regions

Lunar south pole

No specific landing sites.
Landing sites for manned missions will
likely be within the mid latitudes.

Affects the number and location of surface stations.

Line of sight to Earth

Moon occultation results in lack
of Earth access of the station for
~14 days at south pole.

Line of sight from Mars to Earth only
lasts a few hours per day.

Affects autonomy requirements for the station and users.

Distance to Earth

363,300 km - 405,500 km

54.6 M km - 401 M km

Affects station to Earth communication hardware sizing

Direct-to-Earth
signal travel time

1.5 sec

4.3 min — 22 min

Lack of real-time communication may lead to increased
needs for autonomous rover positioning/exploration capabilities.

Distance between orbiters
and surface users/station

Lunar south pole to ELFOs
5,800 km - 8,300 km

Current orbiters:
250 km — 400 km (MRO), 400 km (TGO)
Future orbiters: medium Mars orbit

Affects transmission power from SS to orbiters
and surface users to orbiters.

GNSS weak signal

Orbit determination of Martian orbiters will need to rely on
Earth and Martian ground stations.

availability Likely yes No Both lunar and Martian SS will likely utitize orbiters for
precise positioning.
The ionosphere can potentially be used for Mars surface
trans-horizon communication.
The Martian ionosphere affects When a high-speed spacecraft enters the Martian atmosphere, a
Ionospheric effects No low-frequency waves plasma sheath is formed in the front of the spacecraft due to the
(less than 450 MHz) impacting ionization. This can cause a communication blackout.
The Martian SS can provide PNT+C services before and after
these blackouts.
Tropospheric effects No Negligible
Optical communications Optical communications between a Martian SS and Earth
s Yes No . .
visibility to Earth is likely not feasible.
Affects short-term communication performance on the surface.
Dust storms No Yes .
May require dust removal for solar panels.
Length of a day 28 days 24 hr 39 min Affects SS thermal/power systems design
Angle of incident sunlight| O - a few degrees at South pole 0 - 90 degrees Affects SS thermal/power systems design
Atmospheric pressure 0 6 to 7 millibars Affects SS thermal/power systems design

Surface temperature

-200 C to +50 C at south pole,
depending on the topography

-130Cto+30C

Affects SS thermal/power systems design

Surface gravity

1.6 m/s?

3.71 m/s?

Affects in-situ tower deployment design




