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Abstract— The recent exploration initiatives for robotic and
human missions to the Moon and Mars require long-term
communications and navigation infrastructures that provide
accurate and autonomous PNT services for orbiting and surface
users. NASA launched the Lunar Communication Relay and
Navigation System (LCRNS) project in 2022 to meet the needs
of the Artemis missions and other lunar missions. ESA, JAXA,
other space agencies, and commercial entities may contribute
additional lunar relay orbiters that are compatible with the
NASA’s orbiters via the LunaNet Interoperability
Specifications.

To ensure sustained human presence at the Moon, NASA plans
to deploy surface infrastructure elements that can survive the
lunar nights. We are investigating the operation concept and
PNT performance of augmenting the lunar relay network with
a surface station with the following capabilities: 1. Provide
short-range time distribution to orbiting and surface spacecraft.
2. Transmit a GNSS-like signal to augment the orbital
determination (OD) schemes of lunar spacecraft for fast OD
convergence. The transmitter can also act as a surface beacon
that guides the lunar spacecraft during dynamic events like
decent and ascent. 3. Receive lunar relay orbiter’s and Earth’s
GPS signals and estimate corrections for orbiting spacecraft.
This enables improved OD performance and accurate relative
navigation of users on the lunar surface. The Joint Doppler
Ranging (JDR) method requires as few as one orbiter to
perform a real-time position fix of a surface user. This is
particularly useful during the early stage of lunar relay network
deployment when the number of orbiters is small.

The lunar surface station architecture is directly applicable to

the Mars relay network, and this supports the NASA Moon-to-
Mars initiative.
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1. INTRODUCTION

With the recent exploration initiatives for robotic and human
missions to the Moon and Mars, it is desirable to establish a
scalable orbiting and surface architecture that provides
accurate and autonomous Position, Navigation, and Timing
(PNT) services for orbiting and surface users at the Moon,
Mars, and other planetary bodies. In this paper, we consider
a ground-assisted PNT concept for lunar orbiting and surface
spacecraft enabled by a lunar surface station (LSS) equipped
with a high-grade frequency and timing reference. This lunar
concept provides valuable insight into a future Mars-based
PNT architecture.

NASA launched the Lunar Communication Relay and
Navigation System (LCRNS) project in 2022 to develop
long-term communications and navigation infrastructure at
the Moon to meet the needs of the Artemis missions and other
lunar missions. ESA, JAXA, other space agencies, and
commercial entities may contribute additional lunar relay
orbiters that are compatible with NASA’s orbiters via the
LunaNet Interoperability Specifications [1]. The lunar relay
network is expected to build up incrementally starting with a
few relay orbiters that focus on the lunar south pole, and to
evolve to provide global coverage of the Moon. As part of
PNT services, LCRNS adopts Earth’s GNSS approach with
orbiters broadcasting unique spread spectrum signals in S-
band, and users simultaneously measuring the time-of-arrival
of signals from multiple orbiters to estimate their own states.

Compared to other lunar regions, the lunar poles exhibit a
unique Sun illumination environment. Due to the small 1.54°
rotational obliquity, Sun illumination near the lunar poles
differs considerably from other regions at lower latitude. The
combination of low grazing angle of sunlight and large local
topography variations results in areas that are permanently
shadowed as well as regions that have continuously long
illumination with only short period of darkness of just a few
days [2]. The permanently shadowed regions (PSRs) are
among the coldest areas on the Moon and have long been
believed to harbor high concentration of volatiles including
water-ice that can be harnessed for in-situ resource
utilization. Thus, PSRs are prime science targets. The nearby
regions with extended Sun illumination, on the other hand,
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provide solar power to support surface asset operations. The
temperatures near the lunar poles have been studied
extensively in [3]. As an example, the temperatures at the
rim of Shackleton Crater range from 75° Kelvin to 300°
Kelvin, with an average of 150° Kelvin.

To ensure sustained human presence at the Moon, initially
near the lunar south pole, NASA plans to deploy surface
infrastructure elements that can survive the extreme
temperature between lunar nights and days. For a robotic
surface asset, its scientific instruments and measurement
devices need to be housed in a thermally controlled vault so
they can operate within acceptable temperature ranges.
Therefore, a low Size, Weight, and Power (SWaP) design is
highly desirable for lunar south pole operations. Solar array
power and Radioisotope Thermoelectric Generator (RTG)
power have been proposed to support these lunar surface
assets. This includes lunar fixed or mobile surface towers
that provide terrestrial communications for astronauts and
rovers in the vicinity of the landing sites [4]-[6]. The same
tower can be used to augment the LCRNS relay network to
greatly enhance the PNT services and their performance. The
LSS is envisioned to include the following PNT capabilities.

Time Distribution to Lunar Orbiting Spacecraft and Lunar
Surface Station

In the human exploration era, lunar orbiting spacecraft and
the LSS are expected to work collaboratively to achieve their
mission goals. Given the presence of water-ice deposits, the
lunar south pole is a desirable location for LSS. However, due
to the Earth-Moon geometry and the long lunar night, many
landing site candidates on the lunar south pole do not see
Earth for an extended period in each lunar cycle. Figure 1
shows the rise and set trajectories of Earth as viewed from the
Connecting Ridge. It shows that Earth spends many days
below the lunar terrain.

Both the infrastructure elements, i.e., the lunar orbiting
spacecraft and the LSS, need to be time-synchronized and
must collectively maintain a precise globally referenced time
(e.g., Earth’s Universal Coordinated Time). The time
reference can come from Earth’s GNSS constellations [7][8]
or from Earth’s ground station (DSN considered in this work,
which is NASA’s international array of giant radio antennas
that supports interplanetary spacecraft missions). In both
cases, the range of transfer is quite long, of the order of
400,000 km. As compared to a fixed GNSS transmitter
antenna that is of low-power and pointed towards Earth, the
high-power and high-gain directional DSN transmitter that
has a 34m Beam Waveguide (BWG) antenna' can deliver a
strong and accurate timing signal to the LSS.

'DSN is equipped with a hydrogen maser as the frequency and
timing reference, which is more than an order of magnitude better
than the onboard GNSS Rubidium Atomic Frequency Standard
(RAFS) clock in Allan deviation.

0.608

0.0904

2.68

Angular Speed [deg/day]

(Absolute) Elevation [deg
; S
S
>

0.608

8
-160 -155 -150 -145 -140 -135
Azimuth CCW [deg]

0.0904

Figure 1. Earth visibility from the Connecting Ridge.

Furthermore, the LSS, likely equipped with a high-
performance space clock with long-term stability, will not
require frequent contact with Earth and will continue to
provide accurate timing and frequency references during the
long gap when Earth is below the horizon.

On the other hand, lunar orbiting spacecraft can perform an
in-situ time-transfer from the LSS. The range between the
LSS and the lunar orbiting spacecraft is much closer, of the
order of a few thousand km or less. Given the much shorter
range and higher clock stability, this serves as a worthy
alternative to each lunar orbiting spacecraft independently
synchronizing with Earth’s ground stations.

GNSS Transmitter on Lunar Surface

Equipped with a good clock, the LSS can also broadcast a
strong and stable GNSS signal to local users, and the users
can measure the Doppler and range of this link as additional
observables to perform OD and/or trajectory estimation. This
effectively provides an additional GNSS node that is fixed on
the lunar surface and acts like a pseudolite similar to Earth’s
GPS/GNSS applications. This approach is particularly useful
to improve OD and decent trajectory estimations using
Earth’s GPS/GNSS signals at lunar distances [9][10].

There are many regions of interest for landing and
exploration on the lunar south pole [11]. In this analysis we
assume the LSS is located one of the potential sites in the
Connecting Ridge at 89.45 S and 222.79 E [11][12].

GNSS Receiver on Lunar Surface

The LSS is stationary on the lunar surface and its ephemeris
is known to a high degree of accuracy. It can receive relay
orbiters’ and GNSS signals, broadcast range and Doppler
measurements to the users, and enable the users to perform
real-time position, velocity, and time (PVT) estimation
relative to the station’s location. This relative navigation
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approach reduces some of the common measurement biases
in the station link and the user link, thus providing more
accurate PVT estimation.

A method that takes advantage of LSS corrections is Joint
Doppler and Ranging (JDR) [13][14]. JDR is a relative
navigation scheme that wuses range and Doppler
measurements between one or more in-situ relay orbiters, a
user, and an LSS to perform real-time PVT estimation for the
user relative to the nearby LSS. JDR uses both range and
range-rate (Doppler) measurements by the user and the LSS.
The range-rate measurements are first converted to “Doppler-
derived range quantities” [15] and are then incorporated
mathematically into the range measurements using the Law
of Cosines (LOC). The additional Doppler observables,
together with the range measurement, enable the user to
perform real-time positioning with as little as one orbiter,
assuming the user’s altitude is known. When more orbiters
are available, JDR provides additional Doppler
measurements compared to range-only approaches, thus
enabling higher positioning accuracy.

The JDR approach is particularly useful during the early stage
of lunar relay network deployment when the number of
orbiters is small. When more orbiters are available, JDR
provides additional Doppler measurements compared to
range-only approaches, thus enables higher positioning
accuracy.

Like many Doppler-based methods, JDR is sensitive to
range-rate measurement errors. Depending on the number of
relay orbiters in-view there are variations of JDR that
generate single-differencing and double-differencing data
types to eliminate common biases in measurements. [14]
provides a detailed discussion on PVT performance of the
JDR as a function of the clock’s characteristics.

Not only does the LSS architecture aid in-situ cislunar
navigation systems such as JDR, but it is also directly
applicable to the Mars relay network, and this supports the
NASA Moon-to-Mars initiative [16].

The use of a LSS for navigation is not a new concept [1][17].
Previous JDR analyses include the use of a surface station
that can provide differencing corrections and additional
radiometric measurements [13][14]. In addition, previous
literature describes the benefit of Earth-based GPS
measurements for lunar navigation [9][10]. This paper
introduces the use of LSS-based differential corrections to
Earth-based GPS measurements at lunar distances for
Cislunar users. The novel combination of these state-of-the-
art navigation technologies can provide improved navigation
services to users in Cislunar space with a significantly
reduced navigation infrastructure.

Thus, this paper discusses multiple analyses that span over
the LSS’s capabilities. First, we consider choices for the high-
performance clock in the LSS (Section 2). Then, we analyze
time-distribution and synchronization between the DSN,
LSS, and a lunar relay satellite (LRS) in a 12-hour elliptical

lunar frozen orbit (ELFO) (Section 4). Next, we analyze the
OD performance improvements of the LRS with Earth-based
GPS measurements while also deploying the LSS as a
GPS/GNSS node (Section 5). Then, we demonstrate the use
of differential corrections from the LSS on Earth-based GPS
measurements to aid in OD of the LRS (Section 6). Now with
quantitative OD performance of the LRS, we discuss the
potential performance of relative navigation for lunar surface
and in-orbit users assuming the use of a 3 LRS constellation
and in-situ navigation services for the lunar south pole
(Section 7). Finally, we discuss the extension of the LSS
concept to Mars and considerations for a Marian
implementation of a surface station (Section 8).

2. EXAMPLES OF CURRENT AND UPCOMING
SPACE CLOCKS

Space-based clocks or space atomic clocks provide precise
timekeeping and frequency reference functions for use in
outer space. These clocks are essential for space missions
and satellite systems for navigation, time synchronization,
and scientific purposes. Previous literature summarizes the
performances and properties of some representative atomic
clocks that are commercially available or are expected to be
available in the upcoming future. In addition to SWaP, cost,
and lifetime/reliability, a clock’s short-term and long-term
stabilities are important considerations in the choice of a
clock for space applications. An atomic clock in space
requires periodic recalibration and correction to maintain its
accuracy due to various factors such as temperature
fluctuations, radiation exposure, magnetic field effects, and
relativistic effects of the space environment. For deployment
in the LSS, these clocks must be able to maintain long-term
stability with a minimal SWaP to fit within the bounds of the
LSS’s thermally controlled vault.

In this paper, we consider three representative high-
performance clocks for deployment on the LSS, LRS
constellation, and surface users: a GPS/GNSS’s grade RAFS
clock, the DSAC-FO clock, and low SWaP high-performance
M2TIC clock.

Current GPS/GNSS'’s Rubidium Atomic Frequency Standard
(RAFS) Clock

One of the most important aspects of GPS satellites is their
onboard clock stability. The accuracy of their timing systems
directly results in pseudorange measurement accuracy. Thus,
GPS satellites typically employ multiple high stability clocks
including RAFS clocks. For instance, the block IIF GPS
spacecraft timing system includes two RAFS clocks [18].

Over the multiple generations, or blocks, of GPS satellites,
the onboard clocks have evolved in performance and SWaP.
The Block ITF RAFS clock has a SWaP of 9 liters, 6.3 kg, and
39 W [19] and a frequency stability of around 2.5e-15/day,
and 3.5e-12 in 1 second [18][20]. The newest generation of
GPS satellites, Block I11, includes updated RAFS clocks with
improved short-term stability (upper bound of 2e-12 / 1
second) [20]. Continuous improvements in GPS clocks and
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updated hardware requirements for Block III satellites result
in three times better pseudorange accuracy relative to
previous GPS Blocks [21].

Deep Space Atomic Clock Follow-On (DSAC-FO)

Jet Propulsion Laboratory (JPL) has developed a high-
performance mercury trap ion clock known as the Deep
Space Atomic Clock (DSAC) to address the challenges of
long-duration space missions [22]. To demonstrate the
DSAC in flight, the DSAC payload was launched on June 25,
2019 aboard the Orbital Test Bed (OTB) satellite as part of
the Space Test Program-2 (STP-2) mission. The mission
concluded in 2021, and the onboard DSAC clock established
a new record for space clock stability with a drift of 3e-
16/day, which is orders of magnitude lower than other
currently operating deep space clocks [22]. Its short-term
stability is le-13 at 1 second. The DSAC clock consumes a
power of 58 W, occupies a volume of 19 liters, and weights
19 kg. The SWaP is too large to be practical on a spacecraft.
The DSAC-FO Technology Maturation Task (TMT) was
started to mature the DSAC technology into a lower SWaP
manufacturable package with the SWaP goals of 34 W, 10
kg, and to be able to fit into a GPS clock slot. In addition, the
task aims to extend the clock’s lifetime from 7 years to
greater than 10 years. This form factor would also be easily
adaptable to a 3U rack-mount package. A detailed
description of the DSAC-FO development plan can be found
in [23].

Low SWaP Micro Mercury Trapped lon Clock (M2TIC)

Recently JPL has developed a number of mercury trapped ion
clock prototypes with a SWaP of 1.1 liters in size, 1.2 kg in
weight, and under 6 W of power [24]. This clock has a short-
term stability of 5e-12 at 1 second, and a long-term stability
of le-14. The clock’s performance is independently verified
by the United States Naval Research Laboratory (NRL).

There have been efforts to further reduce the SWaP of the
M2TIC clock to 3 W in power and 0.7 liters in size, and to
improve the reliability and lifetime. Also, the current clock
prototypes use commercial-off-the-shelf quartz local
oscillators which limit short-term stability. A better quartz
local oscillator can be used to further improve upon the
stability performance.

Choice of Clocks for Navigation Architecture

We assume the use of the DSAC-FO for the LSS’s timing and
frequency standard due to its superior long-term stability and
relatively small SWaP. The lunar orbiting users considered in
this paper also act as navigation and communication relays,
requiring high-performance clocks. Thus, we assume either
RAFS or DSAC-FO for lunar orbiters. Finally, surface users
will likely have the most restrictions for SWaP, demanding
the M2TIC.

3. LUNAR RELAY SATELLITE CONSTELLATION

In the following analyses, we assume the use of a three-
satellite lunar constellation made up of LRSs in 12-hour
ELFOs. Each orbiter establishes its own orbital plane 120
degrees apart. The apolunes of the orbiters maintain focus
above the lunar south pole to ensure continuous access to the
LSS and coverage of lunar south pole surface users. Table 1
describes the constellation’s orbital elements.

Table 1. Orbital Elements of LRS Constellation

LRS1 | LRS2 | LRS3
a (m) 65414
e 0.6
i(deg) 56.2
Q (deg) 0 | 120 | 240
w (deg) 90
M (deg) 0 | 120 | 240

Access Calculations with GPS Satellites

To estimate access intervals between the GPS and LRS
constellations, we created a model to obtain availability of
GPS signals to a lunar orbiter. Previous literature performed
similar availability calculations for GPS access to lunar
orbiters, utilizing GPS antenna gain patterns and flight data
of received GPS signal power at high Earth orbits [25]. To
mimic the results of these previously published models, we
develop a surrogate model of GPS availability using simple
geometric constraints.

This simple geometric access model is based on a minimum
and maximum beamwidth angle from the boresight of a GPS
satellite (Figure 2) where « is the half beamwidth angle of a
cone originating from the GPS satellite with the boresight
pointed at the center of the Earth. Although this figure
demonstrates the half angles in a 2D plane, we simulate a 3D
cone for access calculations. To simplify this analysis, we
implement an atmospheric mask 1000 km above the surface
of the Earth, resulting in a a,,,;,, of 15.515 deg.

Through experimentation, a maximum half beamwidth angle
Amax Of 45 degrees results in a close match to the GPS
availability described in the previously published models
[25]. This results in a GPS to LRS access count described in
Figure 3. The figure also includes access duration and
frequency of the LSS to LRS link. The LSS maintains access
with the LRS for around 8 hours during each LRS orbit.

This access model is the basis for the LSS-based time
distribution and navigation analyses described in the
following sections.
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Figure 3. Access of the LRS to the GPS constellation and
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Epoch of 0 days is Jan 1 2025 00:00:000 UTC.

4. TIME-DISTRIBUTION TO LUNAR ORBITING
SPACECRAFT AND LUNAR SURFACE STATION

A two-prong approach (Figure 4) is designed for time
distribution from DSN to the LSS and orbiting spacecraft
(lunar relay orbiters considered in this work). The two-prong
approach is explained as follows:

a) firstly, when at least one DSN is in line-of-sight (LOS)
with the LSS, ranging from DSN to LSS is performed.
Thereafter, global transmit time and clock offset (or ranging
measurement) between DSN-LSS is estimated at the DSN
and then broadcast to the LSS. The LSS combines these
intermittently available measurements in a Kalman filter to
correct its local onsite clock, thus synchronizing it’s time to
that of DSN (thus, Earth’s reference time).

Time-transfer
from DSN to
lunar SS
Time-transfer
from lunar SS

Figure 4. Proposed two-prong approach of time-transfer
from DSN to the LSS and then from LSS to LRS.

b) secondly, to synchronize the LRS’s onboard clock to that
of the LSS, a two-way time-transfer is performed by the
orbiter when it is in line-of-sight to the LSS. This is later
utilized to estimate the orbiter’s clock offset (bias and drift)
with respect to the LSS.

More details regarding both these steps, and subsequent
performance results will be discussed in rest of this section.

First Prong: Time-transfer between DSN-LSS

In the designed Kalman filter for the first prong, the LSS’s
clock corrections are estimated at each time epoch t by
propagating a two-state clock vector (where subscript SS is
taken from LSS and is representative of a surface station on
the Moon): xg5¢ = [bt, bt]T, where b, is the clock bias state
in m and b, is the clock drift in ms™?, with units converted
from the timing domain through multiplication by the speed
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of light ¢ = 299792458 m/s. For the sake of brevity, a
rundown of the standard Kalman filter expressions is not
discussed in this paper. Please refer to [26] for this.

Time Update Step of Kalman Filter— To maintain the onsite
clock estimate, a time update step is performed every Atgg
seconds, based on a clock error propagation model which is
modeled using the state transition matrix Fsg (1). The
associated process noise covariance Qgg(Atss) (2) is defined
in terms of the power spectral density (PSD) coefficients
ho,h_q,h_, from an Allan deviation plot for the clock
[271[28]. These PSD coefficients reflect the short-term and
long-term stability of the LSS’s onsite clock. The output from

— =T
this step is the predicted state estimate Xgg, = [bt, bt] and

the associated state covariance Psg ;.

— [1 AtSS (1)

FLSS

AL+ 2h At + 2n2h AL
Qss(At) =

h_iAt + m2h_,At?
h_, At + m2h_,At? =0t 4hy + gnZh_zAc] )
Measurement Update Step of Kalman Filter— When DSN is
in line-of-sight with the LSS, a two-way ranging protocol is
initiated between DSN and the LSS [28]. In this, DSN
measures the round-trip phase delay of a ranging signal
exchanged to estimate the ranging between DSN and LSS
r&SN | at frame (n — 1): a carrier signal is sent from DSN at
transmit time T2 ; that is received at the LSS at local time
T;2n—1 and then again transmitted from the LSS at local time
T5on_1 that is received back again at the DSN at TSN .
Leveraging the times T35, ; and TA5Y and ranging
measurement Tegn 1, an estimate of the LSS’s clock bias
bZeN_4 is also estimated. Executing a second round of two-
way ranging protocol at frame n, another estimate of ranging
between DSN and LSS 75 and thereafter, LSS’s clock bias
b2y are estimated. The latest ranging measurement 1%
along with DSN’s estimate of the LSS’s clock bias bosn and
clock drift BN (calculated as (2SN — bESN_ ) /(TASY —

ThSN 1) are uplinked to the LSS along with the DSN transmit

DSN
time Ty -

Note that, for this work, both DSN times (i.e., Thon; and

ThSN 1) and LSS’s local times (i.e., Ty n_4 and T5on_1) are
considered to be logged in the Earth’s reference time (e.g.,
Coordinated Universal Time). There are ongoing research
studies on the use of a separate lunar reference time by lunar
assets, which is fully independent of Earth’s reference time.
Our approach is still generalizable to work under such setup,
however, it would require DSN stations to have access to a
precise estimate of the offset between the lunar reference and
Earth’s reference time, and going into further details
regarding this is beyond the scope of this paper.

When a message broadcast from DSN is received at the LSS
at local time T; g5 ., a measurement update step is performed
to estimate the updated state estimate X . and the associated
state covariance Pgs,. The measurement zgs, (3)
formulated by extrapolating the DSN-estimated clock bias
using the predicted clock drift estimate from time update step
seen earlier. This measurement provides an estimate of the
LSS’s onsite clock bias and drift. The measurement model is
a 2x2 identity matrix.

DSN DSN
+b /o) r
Zsst = tDSN ssm 3)
bSS,n

For this work, we consider an assumption that the ranging
measurement did not change significantly between two DSN
uplinks, ie., r&N =r2%N, .. The measurement noise
covariance matrix Rgg = diag(o?, o), where o, 02 are

hyperparameters tuned based on signal-in-space errors.
Second Prong: Time-transfer between LSS-orbiter

Our formulation for two-way timing exchange protocol
between the LSS and LRS is inspired by the derivation
described in [29][30]. During frame (m-1), a transmission
from the LRS at time T, will be received at the LSS at
time Ty, _1, after which a transmission sent from LSS at
time Ty, 1 is received at the LSS at time Ty 1.

In the Kalman filter designed for the second prong, the LRS’s
clock corrections are estimated at each time epoch t by
propagating a four-state clock vector:
> . T . . .
Xirse = [Te,Te, Ve, Vel ', where 1, is the clock bias state in m
and 1, is the clock drift in ms™1, y, is the relative time-of-
flight (TOF) state in m and 7, is the drift associated with
relative TOF state in ms™2.

A time update step is executed at LRS every At;gs seconds,
wherein the state transition matrix Fgg is as follows:

_lo 1 o000
Fiss =170 0 1 Aty @
00 o0 1

The process noise covariance model Qgs models process
noise as a zero-mean multivariate normal distribution with

Qiro = diag(QT, Qy) where @, is modeled as Q, =
Qg5 (At o) (2). The second component of the process noise
covariance matrix @, is modeled as:

2 2
o‘]-,At

14

1 2.2
~o, At
[2 vy < “LRS (5)

2
Uy AtLRS

Authorized licensed use limited to: Jet Propulsion Laboratory. Downloaded on May 21,2024 at 18:28:09 UTC from IEEE Xplore. Restrictions apply.



-

Visibility between DSN
and lunar SS

)

Il |

Goldstone
Canberra
Madrid

1

| 1 | | J

0 5 10

15 20 25 30
time (days)

Figure 5. DSN station visibility at the LSS wherein the window between the two dotted black lines is considered for
validation of the first-prong. Note that, across the 30 days, before 5™ day and from 18" day onwards Earth is
below lunar terrain (as discussed earlier in Section 1), hence none of the DSN stations are visible.

where 013 is the variance in relative radial velocity between

Earth’s ground station and the LSS, which depends on
perturbations induced by Earth’s and Moon’s rotations as
well as errors in frame transformations.

The output from this time update step is the predicted state
estimate Xz, and the associated state covariance Py g ;.

The measurement update step is executed when the LRS has
line-of-sight to the LSS and after the completion of one round
of two-way ranging. In the measurement update step, the
updated state estimate is X ps, and the associated state
covariance is Py ps,. The measurement vector z s, (6) is
formulated based on the transmit and receive times at the LSS
and the LRS. The measurement model H; g is shown in (7).

TSS _ TLRS
_ |frxm-1 tx,m—-1
ZLRSt = [TLRS SS ] (©)
reym-1 "~ Ltxm-1
-1 0 1 0
Hirs = | 7
LRS 1 0 1 0 ( )
The measurement noise covariance matrix Rjps =

diag (02ksrx» 0%5rx) » Where the variances o/ and 0,
are associated with the time-of-arrival estimator and antenna
characteristics at the LRS and the LSS, respectively.

Modeling and Simulation Setup

DSN details— The three ground stations in the DSN [31][32]
are as follows: a) the Goldstone Deep Space Communications
Complex (35°25'36" N, 116°53'24" W); b) the Madrid Deep
Space Communications Complex (40°25'53" N, 4°14'53" W);
and c) the Canberra Deep Space Communication Complex in
the Australian Capital Territory (35°24'05" S, 148°58'54 E).
When more than one DSN is in line-of-sight with the LSS,
one DSN is randomly picked to engage with the LSS.

Clocks at LSS and LRS— A sensitivity analysis is performed
by evaluating the time-distribution performance at the LSS
using two different onsite clocks: a) DSAC-FO (taken from
[7]): time deviation is 4e~1! and the PSD coefficients are
hy =1.8e % ,h_; =0,h_, =0; and b) M2TIC clock
(estimated from [24]): time deviation is 1.5¢™° and the PSD
coefficients are hy = 1.45e722,h_; = 0,h_, = 0. Similarly,
the time-transfer performance at the LRS is evaluated using

two different onboard clocks: a) DSAC-FO; and b) RAFS
(taken from [7]): time deviation is 4.8e~° and the PSD
coefficients are hy = 0.8e72%,h_; =0,h_, =0. The
measurement noise covariances are modeled to be an order of
magnitude higher than the process noise covariances.

Analysis and Results

A simulation start time of January 1, 2025 12:00 AM UTC
and duration of 30 days is considered for validating our
approach. Figure 5 demonstrates the variation in the visibility
of the three DSN stations as viewed from the LSS (with a
masking angle of 10 deg). Overall, the percentage of time that
a visibility link exists between DSN and the LSS is 41.19%,
which is consistent with the phenomenon explained earlier in
Figure 1. For analysis of the first-prong, a shortened window
highlighted by the dashed black lines is considered where the
percentage of time for which at least one DSN is in line of
sight with the LSS is 96.91%.

Figure 6 demonstrates the accuracy of the first-prong
approach, wherein the upper plot showcases the error in
estimated clock bias at the LSS (shown in blue) while the
lower plot focuses on the error in estimated clock drift (shown
in blue). The Atgs = 60 s. In these plots, the red dashed lines
indicate the lower and upper 1-0 bounds extracted from the
estimated state covariance in the Kalman filter. The area
highlighted in lavender (bound by vertical black lines) are
indicative of the regions where no DSN visibility exists. Over
this desired window, the clock corrections are successfully
estimated with an accuracy of 1.5e ™3 us Root-Mean-Square
(RMS) in bias and 7.3e7> ns/s RMS in drift. This validates
that the proposed method can maintain nano-second-level
accuracy over the entire desired window while also
efficiently handling short durations of no DSN visibility.
Other quantitative statistics related to DSAC-FO and M2TIC
are discussed in Table 2, where our proposed technique with
an onboard DSAC-FO achieves nanosecond and an onboard
M2TIC achieves microsecond-level clock accuracy.

Note that analyzing the segments where no DSN visibility
exists for long periods of time is beyond the scope of this
paper. This is because the clock characteristics in these
segments governed by its long-term stability for which there
exists a wide variety of dedicated literature.
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Figure 6. Error in clock estimates at the LSS with an
onsite DSAC-FO (first-prong).

Table 2. Quantitative Statistics Associated with Error in
Clock Bias and Drift for DSAC-FO and M2TIC in First-
Prong (i.e., at the LSS with aiding from DSN stations)

DSAC-FO M2TIC
Metrics | Clock | Clock | 0 0 | ok Drife
Bias Drift .
(us) (ns/s) Bias (us) (ns/s)
Mean 1.1e73 5.9¢7° 3.3e71! 1.6e72
RMS 1.5e73 7.3e73 42e71 2.0e72
95% 2.7e73 14.1e75 7.9¢71 4.0e 72

To validate the second-prong, the estimated clock accuracies
are analyzed for a shorter time window between 1193820 s
and 1204620 s (during which LRSs have visibility with the
LSS). For the sake of brevity, only results pertaining to LRS-
1 are discussed, similar performance observed for other LRSs
as well. Figure 7 demonstrates the accuracy of the clock
estimates (first two states of x;ps,.) at LRS-1 (with an
onboard RAFS clock) with the upper plot showcasing bias
error (shown in blue) and lower plot showcasing drift error
(shown in blue). The At;ps = 60 s. Furthermore, Figure 8
demonstrates the accuracy of the last two states of x;zs ; With
the upper plot showcasing the error in relative TOF between
LSS and LRS-1 (shown in blue) and lower plot showcasing
the associated drift error (shown in blue). The red dotted lines
in Figures 7 and 8 indicate the lower and upper 1-o bounds
derived from the estimated state covariance in the Kalman
filter. Given the highly elliptical nature of ELFO considered
for LRS-1, simultaneously estimating the relative TOF and
clock states aid in maintaining nanosecond-level accuracy at
the LRS-1. Over the entire window, the clock corrections are
estimated with a high accuracy of 4.3e™3 us Root-Mean-
Square (RMS) in bias and 2.1e~2 ns/s RMS in drift.

Table 3 lists the quantitative statistics for error in estimated
LRS-1 states for two cases, i.e., one with an onboard RAFS

- —Emor
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Figure 7. Error in clock estimates at LRS-1 with an
onboard RAFS at LRS-1 and DSAC-FO at the LSS
(second-prong).
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Figure 8. Error in relative time-of-flight between LRS-1
and LSS with an onboard RAFS at LRS (second-prong).

Table 3. Quantitative Statistics for Error in Estimated
LRS States with RAFS Onboard LRS (LSS has DSAC-

FO)

Rel.

C0%k | Nporics | Bias | Drin | TOF | TOF

(us) | (ns/s) (m) (m/s)

Mean | 3.7¢72 | 1.8¢73 | 116.1 0.3

RAFS RMS 43e72 | 2.1e73 | 144.2 0.4

95% 7.6e72 | 3.6e73 | 277.7 0.7

Mean | 0.3e73 | 0.1e™* 3.1 0.1

DSAC- "RMS [ 0.1e? |01e*| 38 | ol
FO

95% 0.7e7% | 0.1e™* 7.8 0.2

and the other with a DSAC-FO. This successfully validates
that the proposed two-prong approach of time-transfer to
LRS (first from DSN to LSS and then from LSS to LRS) can
maintain nano-second level accuracy onboard LRS.
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5. GNSS TRANSMITTER ON THE LUNAR
SURFACE

An additional navigation signal originating from the lunar
surface can improve orbit determination with Earth-based
GPS signals for lunar orbiters. This section analyzes the use
of an LSS on the lunar south pole that can broadcast
navigation signals and relay communications to an LRS
constellation. This not only provides an additional range
measurement for LRS OD, but also adds valuable diversity in
geometry for the trilateration solution of the orbiter. The LSS
also acts as a communications hub for nearby surface users.
These surface users can take advantage of the LSS navigation
broadcasts for surface positioning.

Transmitting Frequency of LSS GPS Transmitter

Because the LRS is significantly closer to the LSS than the
GPS constellation, we must carefully consider the LSS GPS
transmitter frequency and power to prevent potential
interference. If the LSS transmits near the standard GPS L-
band, a user may only require two antennas to one central
GPS radio. However, additional complications arise with the
LRS’s large variance in range from the LSS, resulting in a
variance in received signal power. If the LSS transmits a GPS
signal at S-band, interference is no longer an issue, but the
LRS now may require two radios. This analysis performs a
simplified link budget to gauge the range in received power
from GPS to the LRS and from the LSS to the LRS and to
compare the use of L1 or S-band as the LSS’s transmit
frequency.

Link Budget— The effective isotropic radiated power (EIRP)
of GPS satellites is approximately 29 dBW [25][33].
Assuming a receiver antenna gain of 3 dBi for an Earth-based
surface user, a transmitting frequency at L1 (1575.42 MHz),
and a 20,200 km free space path loss (FSPL), the received
power on the Earth’s surface is -150.5 dBW which is within
the requirement for GPS received signal power [34] (Table
4). Repeating the simplified link analysis with the LRS
requires assumptions on the receiving antenna of the LRS.
This report approximates the LRS receiver antenna gain with
a 50 cm antenna designed for Earth-based GPS
measurements by the Lunar Gateway [25]. Assuming the
LSS transmits at L1 and a 60% antenna efficiency for the
LRS, the following equation calculates the antenna gain:

4-71'77A) (8)

GT = 10 10g10 (T

where 7 is the antenna efficiency, 4 is the antenna area, and
A is the received signal wavelength. Knowing the minimum
and maximum range between the GPS satellites and the LRS,
we calculate the FSPL with:

Lrsp, = 201og;0(d) + 201og,,(f)

41 ©)
+ 20logqg (T)

where d is the distance travelled by the radio signal, f is the
transmitting frequency, and c is the speed of light in vacuum.
Table 4 describes the minimum and maximum received
signal power to the LRS from Earth-based GPS signals.

To ensure that the received power of the LSS’s broadcasted
signal is close to the power of the GPS signal, this analysis
assumes a reduced transmitting EIRP for the LSS (Table 4).
Due to the highly elliptical orbit of the LRS, the range
between the LSS and LRS varies significantly: from 5639 km
to 9037 km. These minimum and maximum ranges only
account for intervals of access between the LRS and LSS and
assume a 15 deg elevation mask on the LSS. This difference
in range results in a 4.1 dB difference in FSPL and received
power. Although a space-rated GPS receiver can
accommodate a 4.1 dB difference in received power, the L-
band transmission can still interfere with low lunar orbiters
(LLO) passing through the beamwidth of the LSS. A LLO at
200 km above the lunar south pole that is also performing OD
with Earth-based GPS measurements would receive L-band
signals from the LSS at 30 dB higher received power,
resulting in interference. Surface users nearby the LSS may
not be significantly affected by the LSS L-band broadcast
assuming the LSS gain drops off in the 15-degree elevation
mask. Thus, we instead assume the LSS transmits GPS
pseudorandom noise (PRN) codes at S-band.

Repeating this link analysis assuming the LSS transmits at S-
band (2.5 GHz) results in a similar range of received power,
but with a smaller chance of interference (Table 5). To further
reduce the maximum difference in received power, one can

Table 4. Link Budgets for Minimum and Maximum Range between

GPS to Earth Surface, GPS to LRS, and LSS to LRS at L.1

GPS to Earth | GPS to LRS LSS to LRS
Surface Minimum Maximum Minimum Maximum
Range Range Range Range
Transmit EIRP (dBW) 29.0 29.0 -6.1
FSPL @ L1 (dB) -182.5 -208.4 -208.8 -171.4 -175.5
(20,200 km) (398,862 km) (414,796 km) | (5639 km) | (9037 km)
Receiver Antenna Gain (dBi) 3.0 16.1 16.1
Received Power (dBW) -150.5 -163.3 I -163.6 -161.4 | -165.5
Maximum Difference in
Received Power (dBW) N/A 0.3 4.1
9
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Table 5. Link Budgets for Minimum and Maximum Range between
LSS to LRS and LSS to LRS with Custom Antenna at S-Band (2.5 GHz)

LSS to LRS LSS to LRS
Custom LSS Antenna
Gain
Minimum Maximum Minimum Maximum
Range Range Range Range
Transmit EIRP (dBW) -6.1 -8.0 -4.2
FSPL @ S-Band (dB) -175.4 -179.5 -175.4 -179.5
(5639 km) | (9037 km) (5639 km) (9037 km)
Receiver Antenna Gain (dBi) 20.1 20.1
Received Power (dBW) -1614 | -1655 -1633 | -163.6
Maximum Difference in 41 03
Received Power (dBW) ) )
design the LSS transmitting antenna gain pattern to drop off
as a function of angle from boresight. We assume that the 108k
target maximum difference in received power for the LRS in o ] ‘
S-band is 0.3 dB. Depending on radio design, this custom Q 10 ‘ 'H ‘
gain pattern limits the usability of the LSS as a navigation  © 'H J L l' { jl LJU ‘
beacon to only the LRS orbit. At 75 degrees from boresight 107 1A A L D o)) I\ Lk iy
the LSS can begin access with the LRS. At this elevation, the
LSS transmit EIRP can be -8.0 dBW. Near the boresight of 10° 5 10 ™ 26 2% %
the LSS antenna, the transmit EIRP can increase to -4.2 dBW
to counteract losses due to FSPL (Table 5). y ‘
102F
From this basic link analysis, we determine that the LSS 5 \
should transmit its navigation signal at S-band. A custom o \

antenna gain pattern can maintain a 0.3 dB maximum
difference in received power for the LRS throughout its orbit.

The LSS also communicates and broadcasts a ranging code
to nearby surface users. However, we assume this surface-to-
surface broadcast is on a separate UHF band instead of S-
band. For surface user positioning, the LRS constellation will
act as the navigation constellation and broadcast ranging
codes down to the lunar south pole surface. The navigation
constellation will adjust their transmit power to ensure the
received power at the surface is near constant.

Geometry Improvements with an LSS GNSS Transmitter

Geometry is a large problem during trilateration when using
Earth-based GPS signals at lunar distances. The addition of a
GPS signal from the LSS improves the geometry of the
trilateration significantly. This analysis demonstrates the
improvements in dilution of precision (DOP) resulting from
a GPS broadcast from the LSS to the LRS.

DOP With LSS Broadcast— 1If the LSS can broadcast a
navigation code in S-band to the LRS, it can provide another
range measurement that aids in the trilateration geometry. To
analyze the change in trilateration geometry, we first
calculate the dilution of precision (DOP) of the LRS with
GPS measurements. When the LRS can see four or more
satellites with the surrogate model of GPS availability, the
simulation calculates the geometric DOP (GDOP), position
DOP (PDOP), and time DOP (TDOP). Figure 9 describes the
GDOP and PDOP of the LRS with and without the LSS as a
navigation node. No DOP value is displayed when the

10’
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Figure 9. DOP of the LRS with GPS and LSS. GDOP
and TDOP are nearly identical; they differ by Se-4%.

number of satellites in view is under three for PDOP and four
for GDOP.

When the LSS is in view and transmitting measurements to
the LRS, the GDOP and TDOP improve by around two orders
of magnitude. PDOP improves by 37% on average
throughout a 30-day period. The addition of the LSS as a
navigation node for trilateration of the LRS provides
significant benefits to the geometry of orbit determination
and time synchronization.

Onboard Orbit Determination of LRS with LSS Broadcast

Now that we have pseudorange measurements from GPS and
the LSS, we can attempt OD of the LRS. This analysis
assumes that the LRS estimates its position, velocity, and
clock bias at a given epoch with measurements taken over
time and processed by a batch estimator.

The measurements used for orbit determination in this
analysis include GPS-based and LSS-based pseudorange
measurements. A realistic implementation of onboard OD for
the LRS would likely include the use of other navigation

10
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techniques such as cross-link measurements [35] and optical
navigation [36]. However, this analysis only utilizes GPS-
based and LSS-based pseudorange measurements to gauge
the achievable performance of these systems.

Measurement Models— During trilateration, the LRS receives
pseudorange measurements from the GPS constellation and
the LSS. These pseudorange measurements include a bias due
to the LRS’s clock bias:

hi(X) = py + cAty,

= \/(xk - Sx,k)z + (e — Sy,k)z + (2 - Sz,k)z
+cAty

where hy, (X) is the measurement model of the estimated state
X at instance k, p is the range between the transmitting
satellite’s position and the user’s position, c is the speed of
light in vacuum, and At is the user’s estimated clock bias.
[x ¥ z]T and [Sx Sy S;]T are the user’s and
transmitting satellite’s three-element inertial, cartesian
position, respectively. As with GPS, there are a few
assumptions embedded into this measurement model: 1) the
transmitting GPS satellites all have well-synchronized clocks
and 2) residual biases that exist on the satellite clocks are
modeled and broadcast to the user. In this case, the LSS also
performs a time synchronization with the DSN to
synchronize with GPS time before starting navigation
services. The LSS can similarly model and broadcast an
estimate of the LSS clock bias to the LRS. The GPS and LSS
clock models are not perfect, however, so this analysis also
simulates clock modeling errors on all transmitting nodes.

(10)

Batch Least Squares Processor— The batch least squares
method processes a single “batch” of data instead of
individual measurements over time. This results in superior
estimation performance compared to sequential filters but
requires more computational resources to run in real-time
[37]. The batch processor accumulates measurements
throughout an analysis period and calculates a new state
estimate at a given epoch. Unlike sequential filters, this
measurement accumulation process repeats until the state
estimate converges. The batch processor measurement
accumulation is described through the following equations

[38]:
g, = [GG()?_.tk)]* (11)
oxX
Ve =Y — G(Xp, t) (12)
Hy = H ®(ty, to) (13)
H = [HI H ... HI] (14
y=Diyz -l (13)

where G(X,t;,) is the measurement model at the estimated
state X and time t,, Y}, is the observation vector, ® (¢, t,) is
the state transition matrix, and the symbol * represents an
evaluation on the nominal trajectory [38]. One can solve for
the state estimate error with R as the measurement noise
covariance:

X, = (HTR™'H)"'HTR" 1y (16)
If the state estimate error is larger than a given convergence
threshold, the measurement accumulation process repeats

with the updated epoch state estimate and resultant nominal
trajectory.

This simulation’s estimated state X, includes the LRS

position, velocity, and clock bias at a certain epoch k:
X=X Yk 2k Vxx Vyk Vzr CAG]T

Once the LRS’s position and velocity state is known at an

epoch, the orbiter can propagate its orbit using a simple two-
body dynamics model:

X = F(Xp, ty)

s 0

=|Vxk Vyk Vzk —3 3
[ Ty s T

T = "x,§+y,§+z,§

where pu is the Moon’s gravitational parameter. An alternative
option is to use a sequential filter such as an extended Kalman
filter (EKF). Although these filters do not have the benefit of
relinearization at a given epoch, they require fewer
computational resources and estimate a given state with only
that time instance’s observations. An EKF may be useful for
applications such as descent and ascent where the dynamics
model may not be as simple as propagating an orbit and when
dynamics change rapidly [39].

The batch processor in this analysis estimates LRS-1’s
position, velocity, and clock bias at epoch of January 14™,
2025 19:37:000 UTC and accumulates measurements over a
three-hour interval when the LSS is in view (Figure 10). The
batch iterates over the interval’s measurements until
converging to 10 cm of positioning error. It is important to
note that two significant factors in batch processor
performance are the batch analysis interval size and the
modeled dynamics. This paper optimized the batch interval
size to 3 hours to achieve the best OD performance.

GPS-LRS
GPS-LSS

[=2]

Total Sats in View
[&,]

IS
T

2 I . A . )
0 0.5 1 1.5 2 2.5 3
Time (hours)

Figure 10. Access count of the GPS to LRS and GPS to
LSS over the 3 hour analysis interval.
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However, for OD at a different epoch, a different interval size
may improve performance. In addition, the simulation only
assumes simple two-body dynamics for the LRS. Future
work includes modeling the three-body Earth-Moon system
with additional perturbations to further improve the batch
processor.

Modeled Errors in Trilateration— Simulated errors on the
Earth-based GPS measurements at lunar distances include
receiver, transmitter, timing, and ephemeris errors. This
analysis does not include Earth-based atmospheric effects;
these are relieved through the 1000 km atmospheric mask
above the Earth’s surface.

Reference frame conversions between Earth-centered and
Moon-centered frames may lead to additional errors. Orbit
determination of the LRS requires accurate knowledge of
both the GPS constellation orbit (provided in an Earth-
centered frame) and of the LSS position (provided in a Moon-
centered frame). Therefore, an estimate of the LRS orbit
includes errors in position, velocity, and orientation modeling
of the Earth and Moon system. Current models of the Earth
and Moon are extremely accurate, resulting in a 1.3 cm
residual in predicted vs. measured range between an Earth-
based ground station and a retroreflector on the lunar surface
[40]. This residual includes modeling errors in positioning,
velocity, and rotation of the Moon and rotation of the Earth.
Our simulation utilizes the DE440 model referenced in [40],
which models the Moon and earth system out to year 2650.
With the relatively close epoch of 2025 chosen in this
analysis, we do not expect the residuals to grow significantly
until then. Ultimately, reference frame errors are well beneath
the noise floor of this analysis and are deemed negligible.

Pseudorange errors include modeling errors for both the GPS
constellation and the LSS position, and biases and drift in the
LRS’s and the LSS’s clock (Table 6). This analysis assumes
both the LSS and LRS deploy the DSAC-FO. The LSS clock
is bound by the time synchronization process described in
previous sections, but the LRS’s clock is free running. The
simulation models a clock bias and drift for both the LSS and
the LRS but assumes both have completed initial time-
synchronization (Table 6). The simulation models errors as:

&k = Fk(bo,l:)) + Wy (18)

where the T} () operator produces random walk motion with
a given initial bias and drift rate:

Fk(bo'l:’) = Te=1(bo, b) + b(ti — ti—1)
Fo(bo,b) = b,

19)

and w, is zero mean Gaussian noise. The initial bias by is
determined at the start of the simulation as a uniform random
variable ranging from -b,, to b,,, where b,, is the modeled
bias described in Table 6.
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Table 6. Modeled Errors in Navigation Simulation

Error Bias Drift Rate | Noise 1o
Clock 021 m 2.99¢-6 m/s 0.09 m
n Model (0.7ns) | (1.0e-4 ns/s) | (0.30 ns)
5 Misc
Receiver 0.1 m 0.1 m
[41]
Per Axis
Position I m 0.1 m/hr
Knowledge
Per Axis
» Velocity 1 mm/s 0.1 mm/s/hr
S Knowledge
Timing 0.81 m 4.23e-5 m/s 0.47m
Knowledge | (2.7ns) | (14.1e-5ns/s) | (1.56 ns)
Misc
Receiver 0.1m 0.1m
[41]
Per Axis
Position S5m 1 m/hr
Knowledge
L Per Axis
&) Velocity I mm/s | 0.1 mm/s/hr
Knowledge
Timing
Knowledge > 18 I ns
100 [ , :
—— No Diff - GPS+LSS
90 [ i ---3%--- No Diff - onlyGPS
80t
e b
g H i ! J [
g
g

100 200 300 400 500 600

Monte Carlo Simulation
Figure 11. Batch processor iteration count over MC.
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Simulation Parameters— The pseudorange measurement
sampling rate for both the GPS constellation and the LSS is
1/60 Hz, or 1 measurement instance per minute. At each
measurement instance, the user receives a pseudorange
measurement from each GPS satellite in view along with the
LSS, if it is in view. These measurements accumulate for use
by the batch processor over the 3-hour analysis period.

A Monte Carlo (MC) simulation repeats the batch processor
with new errors for all measurements over 1000 simulations
to create a distribution of performance.
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Table 7. 95% Confidence of Position, Velocity, and
Timing Errors over 1000 Simulations (3 hours)

Error Per Axis 3D Mean Std
Position R:163.4
(m) A:1044.8 1173.8 518.4 363.8
& C: 641.6
Q Velocit R: 66.36
z (mm/s)y A:95.72 135.85 | 61.35 | 39.33
(@) C: 89.98
Timing 2829.0 | 1152.8 | 970.9
(ns)
Position R:74.0
(m) A:74.8 157.6 83.1 41.7
% C: 152.0
. R:5.54
+
A \(’r‘l’llr‘;‘}g A:6.14 1536 | 723 | 4.15
T T | C1749
Timing 262.6 | 1143 | 81.9
(ns)
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Figure 12. CDF of position, velocity, and timing
performance of the batch processor over 3 hours.

Batch Results— Figure 11 depicts the batch iteration count
over the 3-hour batch analysis interval. The batch processor
converges at approximately 10 iterations with the use of the
LSS measurement. With no LSS measurement and only
Earth-based GPS signals, the batch iteration count averages
just under 20 iterations with spikes up to the maximum of 100
iterations due to poor trilateration geometry. Table 7
describes the 95% confidence interval of the 3D position,
velocity, and timing error of the estimated epoch state by the
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batch processor. Per axis errors are provided in the radial (R),
along-track (A), and cross-track (C) reference frame at the
epoch of the LRS orbit. Figure 12 depicts the cumulative
density function (CDF) of the PVT performance, showing the
significant improvement in accuracy with the LSS as a
navigation node. Note that “No Diff” states that there are no
differential corrections being applied to these methods.

Estimation performance of all states improve by around an
order of magnitude when utilizing range measurements from
the LSS. This large improvement is as expected; the DOP
improvement with the LSS is around an order of magnitude
as well (Figure 9). This demonstrates the significant benefit
in geometry that a GPS transmitting LSS provides to an
Earth-based GPS trilateration solution.

Ultimately, the addition of just a single surface station at the
lunar south pole allows for an order of magnitude
improvement in OD performance for lunar orbiters utilizing
Earth-based GPS measurements.

6. DIFFERENTIAL GNSS RECEIVER ON THE
LUNAR SURFACE

We assume that the LSS not only broadcasts a ranging code
to the LRS constellation, but also communicates with the
LRS to enable relay capabilities. This presents the
opportunity for the LSS to also send range corrections to the
LRS constellation. On Earth, differential GPS (DGPS)
methods enable significant improvements in positioning
accuracy of users through radiometric corrections from a
nearby, well-known reference station [42]. DGPS takes
advantage of the fact that both the user and reference station
experience similar measurement errors which can be
removed through measurement differencing. Because both
the LRS and LSS can utilize Earth-based GPS measurements,
a similar differential method can be deployed to improve OD.

Differential Methods

The differential methods used in this analysis are single and
double measurement differencing. These methods not only
reduce the shared errors between the LRS and LSS, but also
receiver specific errors such as clock bias.

Single Differencing (SD)— This method differences the range
measurement received at the LSS by the predicted
measurement calculated from the station’s well-known
position. Assuming the station makes a code-based range
measurement with a GPS satellite [43] [44]:

® ®

Prssx = Prssikltrue (20)

+c(8tyss + wseyq,)
(@) (@) (@)
+c (6tGPS + “’Stgps_k) * Eorssi T Enapsi

where 6t;g5 and St((;igs are the clock biases, wsy, ¢, and

® ®
Wsteps, €pgpsik
unique receiver and transmitter error terms for the LSS and

, are the clock noises, and EpLssi and are the
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ith GPS satellite, respectively. Because the station knows its

position with high accuracy, it can predict and difference the
MO

range measurement expected from the same satellite p; g !

() ~{)
Prssk ~ Prssi = C(‘StLSS + “’&Lss,k)

() (©) ()
t+c (8tGPS + w&t(;ps,k) * &orssi T Eoapsi
@

= VP ssk

where eé?D is the resulting error from the differencing

operation. This resulting correction includes errors on the
LSS range measurement. The station can then transmit this
correction term to the LRS, which corrects its pseudorange
measurement with the same satellite:

® ®

PLrsk = PLRsk (22)

|t‘rue + C(‘stLRS + w&tLRs,k)
® ® ®
+c (6tGPS + w&tcps,k) + SPLRS,k + gﬂcps,k
(O]
= leRS,klfrue + C((StLRS + wtgfms,k) * Epirsi

+ c(5ths + ‘Uz?ths,k) + & t
@
= VPrssk

®

@
PLrsk

= VPrssk
@
gﬂsv
@sp _ @
LRSk — PLRSk

This results in the reduction of shared error between the LRS
and LSS: the satellite clock and transmitting errors. Although
not included in these simplified measurement models, the SD
method can also reduce shared atmospheric and deep space
delays. Because the GPS signals to both the LSS and LRS
experience very similar flight paths, any additional delays on
the radiometric measurements are encompassed by the
station’s SD correction term.

Double Differencing (DD)— The DD method differences two
SD measurements to further remove errors on the user’s
radiometric measurement. Now, DD requires two satellites to
be in view by both the LRS and LSS. The SD measurements
from satellites i and j can be differenced to remove receiver
specific errors:

() sD () sp 3) 0))
L;as,k - pL;es,k = pges,kltrue - pL;es,k|true (23)
® 0)) @0
Tepsp ~ €psp T €ppp
where s,Ein; is error that cannot be removed through DD. This

DD measurement now reduces user and station specific
receiver errors such as clock bias and noise. This is especially
useful when the user’s clock errors are significant.

Another benefit of DD relative to SD is how the number of
measurements scale with the number of satellites in view.
The observable count for standard and SD-corrected
trilateration scales directly proportional to the number of
satellites in view. However, because DD differences a pair of
satellite measurements, the observation count increases with
the number of unique pairs of satellites in view (Figure 13).
For instance, if there are 5 satellites in view, there are ten
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Figure 13. Observable count vs. number of satellites in
view for SD and DD.

unique pairs of satellites and 10 DD observables. This
increases observability during the batch process.

Both SD and DD provide valuable improvements to
radiometric measurements but also increase requirements and
complexity. Along the well-known reference station can
transmit radiometric corrections, the user must align these
corrections with their own measurements in time. A
misalignment of correction and measurement can lead to
additional errors that grow as a function of the misalignment
duration [14]. This analysis assumes that the LSS transmits
corrections at a high rate with additional instructions on
interpolation of the corrections in time. The user can then
align the correction with their respective measurements
without significant time misalignment.

Previous studies analyzed the benefits of SD and DD in lunar
navigation settings [39] [43] [44] with a brief analysis on
orbit determination with DD [14]. However, we analyze the
use of SD and DD on Earth-based GPS measurements at
lunar distances.

Orbit Determination with LSS-Aided Differential GPS

This analysis repeats the navigation simulation in Section 4
but now with the addition of SD and DD corrections from the
LSS. The LSS receives Earth-based GPS measurements over
an elevation mask of 0 degrees (approximately 1 deg from the
terrain horizon in Figure 1). Separate batch processors
accumulate SD and DD measurements for comparison.

Simulation Parameters— The measurement sampling rate and
measurement error generation statistics remain the same from
the simulation in Section 4. However, there are additional
considerations for the measurement differencing methods. 1)
if the number of satellites in view by both the LRS and LSS
ever drops under two, then DD is not possible. Thus, the DD
method reverts to SD until two or more satellites are visible.
2) ifthe LRS and LSS do not have access to the same satellite,
or 3) if the LRS no longer has access to the LSS, the
simulation returns to standard pseudorange measurements
without measurement differencing. Although these
conditions do not apply for this analysis’s 3-hour interval,
they are important considerations for implementation.
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Table 8. SD and DD 95% Confidence of Position,
Velocity, and Timing Errors over 1000 Simulations

Error Per Axis 3D Mean Std
Position R:21.3
°(Sm)° A:88.0 | 103.6 | 419 | 324
2 C:42.7
@ Qo Velocit R: 5.01
S B () | A502 | 902 | 369 | 273
E|OS C: 6.25
5 —
= Timing 2883 | 113.8 | 92.0
g (ns)
= .. R: 2.8
g Position |5 s 89 | 45 | 23
Elw| M |cgh ' ' '
34 8.
_ | R 023
=] +
2 | o \(’Ienlglc/‘stj‘/ A:045 | 063 | 034 | 017
& i C: 0.66
Timing 164 | 68 5.1
(ns)
Position R:27.9
| A409 | 659 | 254 | 212
2 C:192
v | O . R:2.18
4 z Veloc/‘ty A:088 | 328 | 134 | 099
g | S ™Y |ciss
S —
- Timing 2192 | 849 | 727
£ (ns)
£ . |R: 17
o Position )
2 (A2 38 | 22 | 09
8 '(3 C:3.1
Q + . RZ 014
8| & Yﬂ;c/‘st)-‘y A:025 | 044 | 022 | 012
& T | Cio4s
Timing 135 | 57 | 42
(ns)

As with the previous analysis, an MC repeats the batch
processor for 1000 simulations.

Results— Table 8 depicts the 95% confidence values of the
distribution of PVT performance of the SD and DD batch
estimators. SD corrections reduce errors from the results in
Table 7 by another order of magnitude due to the removal of
shared GPS transmitter and timing errors. DD further reduces
errors from SD by around a factor of two or less by also
mitigating LSS and LRS specific receiver and timing errors,
resulting in RSS position errors of <4 m at 95% confidence.

There is a significant overlap between the CDFs of SD and
DD in the cases with and without the use of LSS-based GPS
range measurements. For instance, if SD measurements and
the LSS ranging code are available, but DD corrections are
unavailable, it is better to use SD with LSS-based GPS
measurements than DD without the LSS measurements. Not
using any differential corrections, however, always results in
worse PVT performance. Thus, differential corrections from
the LSS should be used when possible.
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Figure 14. CDF of position, velocity, and timing
performance of the batch processor over with
SD and DD corrections from LSS.
Although distinctions in performance between the

configurations are obvious for position and velocity
estimation, timing estimation is more unclear. DD and SD
with LSS measurements provide the best timing estimation
performance while DD without LSS, SD without LSS, and
No Diff with LSS all provide similar performance. This may
be a result of the significant improvement in timing geometry
by the LSS, and marginal improvement in timing estimation
between SD and DD.

These results include configurations where the LRS can
receive differential corrections from the LSS, but not range
measurements from the LSS. This is not an unlikely
occurrence; the LSS could be relaying communications data
instead of broadcasting a ranging code to the LRS while also
embedding Earth-based GPS measurement correction data in
the communications packets. When no communication relay
services are needed, the LSS can return to broadcasting
ranging codes for improved LSS OD performance.
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7. LOCAL SURFACE USER POSITIONING

Radiometric corrections from the LSS are not only useful for
OD of the LRS constellation. In-situ, one-way radiometric
measurements broadcasted from the LRS constellation to
surface users near the lunar south pole can be further
improved with corrections sent from the LSS.

Previous analyses with JDR discuss real-time PVT
estimation for lunar surface users with the use of DD-JDR, a
well-known LSS, and a three-satellite navigation
constellation [45]. With this navigation architecture, DD-
JDR achieved <10 m, 17 mm/s, and 230 ns of position,
velocity, and timing error at 95% confidence for a highly
accelerating surface user. Repeating this analysis for real-
time PVT of an orbiting user results in 25 m, 0.8 m/s, and 230
ns of PVT error at 95% confidence with only in-situ
measurements [14]. An important note is that these analyses
assumed autonomous orbit determination for their LRS
constellations, resulting in large orbit ephemeris modeling
errors: 100 m positioning biases per axis. Using this paper’s
method of orbit determination with measurement
differencing and Earth-based GPS measurements would lead
to improved orbiter modeling, resulting in improved surface
navigation performance. For instance, a parallel paper
implements DD-JDR for PVT estimation onboard a
simulated lunar lander, resulting in <10 m, 0.45 m/s, and 340
ns PVT performance at 3-sigma (99.73%) confidence [46],
assuming the LRS constellation modeling knowledge mimics
the results describe in this paper.

A previous DD-JDR analysis assumed 10 ns biases for the
LRS constellation [45], which is close to the timing
estimation performance of SD and DD with LSS range
measurements (Table 8). In addition, if a preemptive time
synchronization with the LSS is possible, the LRS timing
error can be even lower (Table 3). For surface positioning
with an in-situ navigation system, the relative time
synchronization between the LSS and LRS constellation is
more important. Thus, lunar surface users will estimate their
clock biases relative to a lunar navigation time. Assuming
that the lunar navigation time is frequently synchronized to
GPS time through the DSN to LSS link, the conversion
between lunar and GPS time will be known. However, during
the ~2 week interval when Earth is not in view to the LSS,
the lunar navigation time, led by the LSS, may drift from GPS
time. If in-situ time synchronization is performed
periodically (between LSS and LRS constellation) a margin
of drift of the lunar navigation time may be acceptable during
in-situ surface user navigation services.

As discussed in Section 4, the navigation architecture will
need to be carefully designed to reduce the potential of
interference. The LRS constellation is expected to broadcast
PRN codes to the lunar south pole in S-band, offset in
frequency from the LSS’s broadcast up to the LRS
constellation. In addition, the LSS will broadcast corrections
and another PRN code in UHF to its local region near the
Connecting Ridge. This allows surface users to continuously

receive two to three Doppler and pseudorange measurements
from the constellation, one pseudorange measurement from
the LSS, and corrections on the LRS radiometric
measurements from the LSS.

8. CONCLUSIONS AND FUTURE IMPACTS

This paper introduces a lunar surface PNT architecture that
provides the following functions: a) provides time
distribution services to orbiting and surface spacecraft, b)
supports OD of orbiting assets, and ¢) augments a lunar relay
network to provide precision PNT services for surface assets.
We describe the operations and perform extensive
simulations to quantify the performance of a ground-assisted
PNT architecture for the Moon.

In addition, the ground-assisted PNT architecture also
supports NASA’s “Moon-to-Mars” initiative. The “Moon-
to-Mars” initiative refers to a long-term overarching
exploration strategy, which involves human missions to the
Moon as a steppingstone for crewed missions to Mars. The
plan is to use the Moon as a testbed for technologies, systems,
and operations necessary for human missions to Mars. By
establishing a sustainable presence on the Moon, NASA aims
to gain valuable experience and knowledge that will help in
preparing for crewed missions to the Red Planet.

While the Moon-to-Mars approach is a logical and sound
strategy, we must also recognize the differences between the
Moon and Mars and adjust the strategy accordingly. The
Moon is less than 400,000 km from Earth, whereas Mars is
between 75 million km and 400 million km. The difference
in range results in the following:

e Unlike lunar spacecraft, Mars spacecraft cannot
receive Earth’s GPS and GNSS signals. Mars relay
orbiters would have to rely on either the Earth’s
deep space ground antennas, or a local Mars
frequency and timing reference to perform orbit
determination. The latter would relieve the burden
on the Earth’s ground antenna infrastructures and
provide additional in-situ PNT capabilities for Mars
orbiters and surface assets.

e  The one-way-light-time delay with Mars is between
4 minutes to 20 minutes, thus real-time
communications with Earth is not possible. Mars
spacecraft cannot rely on Earth for real-time
commanding and must be more autonomous in
responding to unexpected and off-nominal
situations.  Therefore, autonomy and real-time
kinematic PNT during spacecraft dynamic events
are more relevant for Mars than for Moon.

e It is more costly to send orbiting and surface
spacecraft to Mars than to the Moon.

There is also a big difference in the rotation rates. A Mars
day is 24 hours and 37 minutes, and a lunar day is about 27.3
Earth days.
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Differences in regions of interest on the Moon and Mars
surface also dictate mission requirements. Early human
exploration of the Moon will focus on the lunar south pole,
and this presents a unique and challenging operation
environment in terms of Earth and relay communications, sun
illumination, and thermal variation. To provide maximum
coverage, the proposed lunar relay constellations favor frozen
elliptical orbits that loiter above the lunar south pole. Due to
the Earth-Moon geometry and long lunar night because of
tidal-locking, many regions at the lunar south pole do not see
Earth for an extended period in each lunar cycle. Also, Earth
and the Sun appear at low-elevation angles as viewed from
the lunar south pole. Even in view, direct communication
with Earth suffers from high multipath loss. The combination
of low grazing angle of sunlight, absence of an atmosphere,
and low rotation rate results in large thermal variations and
extremely low temperature in some parts of the lunar south
pole. The extreme thermal environment requires that the
communications and PNT equipment on the lunar surface to
be housed inside a temperature-controlled vault, and this
imposes tight requirements on SWaP.

Human exploration of Mars, on the other hand, focuses on
the equatorial and mid-latitude regions. Most proposed relay
network designs favor circular equatorial orbits. The sun
illumination and thermal environments are more benign.
However, Mars has a thin atmosphere, and the occasional
sandstorms can pose different kinds of challenges to
communications and navigation on the Mars surface.

Although a Martian surface station could provide many of the
same benefits described in this paper, we cannot assume the
results in this paper are directly applicable to human Mars
exploration. Holistic system engineering studies and
architecture trades are needed to identify the differences
between the lunar and Mars operation scenarios, to
understand the inter-dependency between engineering
systems and the environments, and to adapt and adjust the
“Moon-to-Mars” strategy accordingly.
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