POLITECNICO DI TORINO
Repository ISTITUZIONALE

GNSS Inter-User Ranging for Lunar Orbiters Flying the Spaceborne Navimoon Receiver

Original

GNSS Inter-User Ranging for Lunar Orbiters Flying the Spaceborne Navimoon Receiver / Delepaut, Anais Aurelie A;
Minetto, Alex; Giordano, Pietro; Dovis, Fabio. - ELETTRONICO. - (2024). (Intervento presentato al convegno
International Conference on Localization and GNSS (ICL-GNSS) tenutosi a Antwerp (Belgium) nel 25-27 June 2024)
[10.1109/ICL-GNSS60721.2024.10578517].

Availability:
This version is available at: 11583/2990463 since: 2024-07-07T16:22:40Z

Publisher:
IEEE

Published
DOI:10.1109/ICL-GNSS60721.2024.10578517

Terms of use:

This article is made available under terms and conditions as specified in the corresponding bibliographic description in
the repository

Publisher copyright
IEEE postprint/Author's Accepted Manuscript

©2024 IEEE. Personal use of this material is permitted. Permission from IEEE must be obtained for all other uses, in any
current or future media, including reprinting/republishing this material for advertising or promotional purposes, creating
new collecting works, for resale or lists, or reuse of any copyrighted component of this work in other works.

(Article begins on next page)

15 October 2024



GNSS inter-user ranging for lunar orbiters flying
the spaceborne NaviMoon receiver

Anais Delépaut
Dept. of Electronics and Telecommunications (DET)
Politecnico di Torino
Turin, Italy
anais.delepaut@polito.it

Abstract—In 2024, a pivotal moment in space navigation occurs
as a GNSS receiver journeys to the Moon, marking its inaugural
lunar deployment to showcase GNSS navigation feasibility at
lunar altitudes. However, the challenge of increasing Dilution
Of Precision with greater distance from GNSS constellations
remains a significant barrier to the effective use of GNSS in
space. Consequently, achieving the requisite accuracy for reliable
autonomous GNSS navigation at lunar distances is uncertain.
As an enabler of potential collaborative navigation paradigms
relying on GNSS measurements, this study proposes a GNSS-
based inter-user baseline estimation technique, previously effec-
tive in terrestrial scenarios, and analyzes different methodologies
to achieve unbiased baseline estimation in space navigation. This
solution primarily benefits from the fact that it is non-invasive
and solely based on the availability of a communication link
between the cooperating space users. The present work shows
the application of the estimation of the baseline length between
a lunar CubeSat mission, VMMO, and the communication relay
Lunar Pathfinder mission. Most notably, this is performed using
real GNSS measurements generated by an actual Engineering
Model of the NaviMoon receiver in the ESA/ESTEC Radio Nav-
igation Laboratory, while being fed by GNSS signals emulated
by a radio-frequency constellation simulator.

Index Terms—ranging in space, GNSS, lunar missions

I. INTRODUCTION

Given the momentum taken by the space sector for lunar
exploration both by private and governmental actors, scientific
and commercial initiatives are expected to expand in the 2020s,
led by European Space Agency (ESA)’s Moonlight initiative
and NASA’s Artemis program [1]. Therefore, the development
of guidance, navigation, and control solutions being indepen-
dent of tracking and controlling ground segments is strongly
desired for lunar exploration. In particular, the south pole re-
gion of the Moon is attracting attention from the perspective of
human activity bases and exploration. In this context, ESA and
the National Aeronautics and Space Administration (NASA)
together with the Italian Space Agency (ASI) will fly In-Orbit
demonstration missions around the Moon with, respectively,
the Surrey Satellite Technology Ltd (SSTL) Lunar Pathfinder
flying the NaviMoon receiver in 2025 and the Firefly Blue
Ghost Mission 1 flying a multiconstellation Global Navigation
Satellite System (GNSS) receiver payload in 2024 in the
framework of the Lunar GNSS Receiver Experiment (LuGRE)
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[2], [3]. Both will track Galileo E1, E5a, and GPS L1 C/A, L5
signals, and will return pseudorange, carrier phase and Doppler
measurements.

In the field of terrestrial GNSS applications, Differen-
tial GNSS (DGNSS)-Cooperative Positioning (CP) has been
proven successful in leveraging the presence of neighbouring
GNSS users as anchors of opportunities by relying on inter-
users or relayed communication links to improve the position-
ing performances of each user individually [4]. This technol-
ogy has already proven useful in terrestrial scenarios involving
bad GNSS visibility, such as collaborative vehicle networks
and mobile users [5], [6]. The basic idea behind DGNSS-CP
is to measure the relative distance between GNSS users by
exchanging information about their respective pseudoranges to
a common set of tracked GNSS satellites. More specifically, a
user with poor GNSS visibility can share raw GNSS measure-
ments through a communication link with another user (auxil-
iary agent) to estimate their baseline vector. Subsequently, this
relative distance is used in the Position Velocity Time (PVT)
solution estimation using a Weighted Least Squares estimation
applied to Double Differences (DD)s between the observed
pseudoranges, thus removing both satellites and receiver clock
bias. Even when it is noisy and correlated to the other GNSS
range measurements, this additional ranging information was
proven to be beneficial in low visibility and high Dilution of
Precision (DOP) scenarios [6].

The present research focuses on assessing the use of these
GNSS-based relative ranging techniques to a space scenario,
discussing the applicability of the method when compared to
a terrestrial case. The implementation of such a paradigm for
space would offer a non-invasive ranging solution. In fact,
cooperating spacecrafts would be able to use it also when
they are not in Line-of-Sight (LoS) leveraging on a relayed
communication link. Furthermore, it could also contribute
to improve the geometric distribution of ranging sources.
Along with the remarkable research effort paid towards the
use of GNSS in space, relative GNSS navigation, as well,
has attracted a number of scientific contributions. Advanced
algorithms have been designed that leverage carrier-phase
measurements and integer ambiguity resolution to support
formation-flying Low-Earth Orbit (LEO) satellites, such as the
NASA’s GRACE and ESA’s TanDEM-X missions [7]. More
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recently, works addressed the relative LEO navigation problem
for rendez-vous and docking within distances within 10 km [8],
and extending this range up to 60-175km in [9]. However,
fundamental GNSS ranging techniques investigated in this
work may still represent a valuable and lower-complexity
alternative.

In the present contribution, the results are obtained making
use of GNSS observables generated by a GNSS receiver
specifically designed for a Moon mission. The Moon receiver
is called the NaviMoon and will be hosted by the Lunar
Pathfinder space mission [10].

The paper is structured as follows: Section II describes the
fundamentals of the GNSS-based baseline estimation, Section
IIT describes the limitations of terrestrial algorithms applied
to space scenarios and proposes specific modifications to
achieve unbiased baseline estimation. Section IV describes the
considered space scenario and its GNSS visibility character-
istics. Section V describes the functional blocks of the test
bench designed to analyze the performances of the presented
techniques on the ESA/SpacePNT’s NaviMoon receiver. Fi-
nally, VI presents the results achieved with this environment
and analyzes the potential performances of inter-agent GNSS
ranging in space.

II. GNSS INTER-AGENT RANGING

By considering a pair of moving agents (i.e. spacecrafts) @
and 7, at a given time instant ¢, relative ranging technologies
allow to estimate their inter-agent distance (a.k.a. baseline
length)

| (D

where the operator || - || is the Euclidean norm and x; i, X; x
are the actual locations of the agents in a given Cartesian refer-
ence frame. While radio-frequency ranging solutions directly
provide an estimate of (1) by means of signal Time of Flight
(ToF) or Round Trip Time (RTT), DGNSS techniques first
estimate a displacement vector, a.k.a. baseline vector

dijr=[ Awijr Ayije Dzijk |- )

dij ke = [|dij k|l =[xk — Xik

Through DGNSS techniques, the inter-agent distance estima-
tion can be obtained by applying the Euclidean norm to an
estimate of (2), namely &7 j.k- The DGNSS estimation of inter-
agent distances is achieved through few differential methods
[4], based on the combination of pseudorange measurements
from independent, networked GNSS receivers, following the
exchange of this data from one agent, defined as the aiding
agent, to another, the aided agent, as depicted in Fig. la.
Different algorithms can be selected according to their capa-
bility of canceling all the systematic biases (i.e., receiver and
satellites clock biases) [11], at the cost of an increased output
variance [12]. Despite the fact that ionospheric and troposheric
errors can be reasonably neglected at lunar distances, other
unmodelled, common sources of error may affect the space-
borne receivers and could be effectively compensated through
these techniques. Therefore, the present section presents all the
GNSS ranging techniques that the present contribution applied
to a lunar scenario of DGNSS.

1) Absolute Positions Differencing (APD): The first tech-
nique presented in this paper is called Absolute Positions
Differencing and is based on taking the Euclidean norm of
the difference of the Single Point Position (SPP) estimations
of each user individually, as per (3).

dije = |dijrll = 1%50 — %ixl] A3)

Hence, in this technique, the exchange of the SPP position
estimate from the aiding agent to the aided agent is considered.
The SPP estimate of each user is obtained thanks to an Iterative
Least Squares (ILS) estimator, where at each iteration [, the
user assumed position X, j is updated based on the lineari-
sation of the pseudorange equation with a Taylor expansion
truncated at the first order:

N Al—1 ~

R = xi’k + Axfﬂk 4
where )”(fjkl is the position estimated at the previous iteration
for user * (i or j, interchangeably) and A%} & 1s the increment
in position for the current iteration [ and is obtained together
with the user clock bias increment Ab , with:

ol
[i?] = (HTH) " H Apl,. 5)
*,k

where H is the N x 4 direction cosine matrix estimated from
the most recent estimation of the user position and is made of
the unit steering vector to the satellites, h}, [13]. Apfh & 1s the
pseudorange increment vector /N x 1 which has been corrected
for the user clock bias and the Signal In Space Error (SISE)
as well as the relativistic effects. [V represents the number of
GNSS satellites involved in the computation and must be at
least equal to 4.

2) Pseudorange Ranging: This method computes the base-
line vector by differencing the position estimates of both users
obtained via a joint estimation process around a common
linearisation point. This is achieved by expressing the position
of the aiding agent as a function of the aided agent’s position
and the baseline vector for each time instant k:

Xk = Xik + dij 6)

In this case, (5) becomes:

AR,
Ab 1
Afgzlkk = (H;RHPR) H;RApiij )
g
AbL
where Hppg is
_ H 0N><4
Hpp = [OM H ] : ®)

and Apéj i 1s the apposition of the pseudorange increments
from user ¢ and user j in a 2N X 1 vector, after correction of
their respective previously estimated clock bias bi_kl.



3) Single Differences Ranging: Also based on the exchange
of the pseudorange measurements from the aiding to the aided
agent, this technique exploits a set of differential quantities
known as Single Differences (SD). A generic SD can be
defined between two GNSS receivers, ¢ and j tracking a
common satellite s as the difference between synchronous
pseudorange measurements:

s __ 8 s
Sij,k = Pk~ Pik

9
= Arfj’k + Abij,k + Aeiij ©)

where Ab;; 1, is the difference between the clock biases of the
two agents and Ae;; i, is a noise term which aggregates all the
non-correlated errors. In fact, provided that all the measure-
ments are synchronous, SDs allow to cancel the satellite clock
bias and correlated bias terms affecting pseudorange measure-
ments. Besides the cancellation of correlated error terms, the
variance of the uncorrelated errors, such as thermal noise, is
increased. These noise contributions are hence aggregated in
Aeijyk.

The computation of the baseline vector based on SD is
performed through (10), assuming a minimum of 4 visible
GNSS satellites common to both users.

Sém hék 1

Sij,k _ hi,k 1 dij,k (10)
: B st [Abigk

S2 k hy, 1

4) Double Differences Ranging: When the same pair of
satellites r and s is visible to both receivers, a DD measure-
ment can be obtained as difference of two SDs:

Gk =Sk — Sijk = AR + Xij ks an

where S7; is a SD computed according to (9) while X;; is
a random variable collecting residual error contributions that
cannot be cancelled due to the non-correlation between the
measurements such as multipath, second-order noise com-
ponents of the receiver front-ends and residual, unmodelled
noise contributions [13]. The term AR®" can be expressed
highlighting the dependency from the baseline vector as:

AR = [0l —hs,]" i (12)

In order to determine the steering vectors, an approximation
of the two positions is needed. A GNSS receiver can solve
for the aiding position by using the external pseudorange
measurements. By means of this approach the exchange of the
estimated position is not necessary since it can be computed
autonomously at the aided receiver.

In the following, the inter-agent distance will be referred to
as Inter-Spacecraft Range (ISR).

ITII. THE POTENTIAL OF THE DGNSS ALGORITHM FOR
SPACE USERS USING EARTH NAVIGATION SATELLITES
A. Parallelism assumption used for terrestrial applications

The performances of DGNSS in space are subject to varia-
tions with respect to the performances presented for terrestrial

s-th satellite
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s
/)j‘!(

Aiding
Agent/Spacecraft

.S
A'x/‘/c

Aided ;
Agent/Spacecraft

(b) Invalid assumption.

Fig. 1: Assumption of parallelism within the DGNSS algo-
rithm.

applications. This is due to the assumption taken to establish
the relationship presented in (10). Indeed, as stated in [14]
and [4], the system of equations presented in (10) comes from
the assumption that the difference in true ranges Arj; ;. can
be approximated by the inner product between the baseline
vector d;; 5 and the unit steering vector hf, & OF hj) . between
either user ¢ or j and the satellite s.

[h2,]"
This assumption holds while the true ranges 7, and 7}, from
satellite s to users ¢ and j are much larger than the distance
d;i; . between ¢ and j, where in such a case their respective
unit steering vector h}, and hj, are nearly parallel to each
other, as depicted in Fig. 1a. However, the typical distances of
a DGNSS scenario for spaceborne users are easily two orders
of magnitudes larger than for terrestrial applications. Hence,
this parallelism assumption is likely to introduce a bias in the
ISR estimation process.

Ar =~ — dijx (13)

B. Bias introduced in case of parallelism assumption invalid-
ity

As depicted in Fig. 1, when the distance between the users
and the navigation satellites is not large enough with respect
to the baseline length for the unit steering vectors originating
from both users to be considered as parallel, a bias term
e(Arj; ;) is introduced:

S S T S
Argiy == [hi,]" dijr +eu(Ar ), (14)



where, if the unit steering vectors from the aided agent hj
are used in the SD Least Squares (LS) H design matrix, the
bias term can be written as

eilArf) =i —rix 03] [B3,] + Ard,
=i = e [h54) " Bl (5)
=751 = [034]" [B34]).
C. Redefinition of the unit steering vectors for the space
scenario

The proposed solution, that takes into account the invalidity
of the parallelism assumption for space scenarios, while keep-
ing the algorithm linear for its low-complexity advantage, is
to redefine the unit vectors considered in the design matrix H
from (10). Instead of using hj, or h; 1> the normalized sum
of both will be used.

s hiy4hi,
i+j,k : :
IR | L o |

27

(16)

Consequently, the difference in true ranges changes with
respect to (13) and it becomes:
S S T
Arij,k ~ — [ i+j,k‘] dij,k~ (17)

Another solution presented in the literature in the context
of differential Doppler positioning in [15], consists in finding
the unit steering vector hf, ., which at each epoch & will
satisfy exactly (13), such that:

S S T
ATij,k = - [hideal,k} diji k- (18)
The angle 6, between hf, , , and d;j;; is given by:
Ars.
cos(fy) = ——2* (19)
dij i
where hf,, ;. satisfying this condition form a conical surface.

A solution consists in defining the vector hy ., , normal to
both d;; ; and h; :

S ..
s hf, xdijk

by xdy 20
normalk = Jihs o dy 4l ()

and then to apply the Rodrigues’ rotation formula to obtain
h}; ., x in the plan that contains both d;; , and h{ ; by rotating
the baseline unit vector hf; , around hy ., , by the angle

0 according to the right hand rule:

bljea e =0y cos(Ok) + (hyppmarr X hij ) sin(0x)+

hfwwnal,k(hfwrmal,k : hfj,k)(]' - COS(Gk))
= hfj,k‘ COS(ok) + (hfwrmal,k X hfj,k) Sln(ek)(ZI)

Consequently, these newly defined unit steering vectors h}, ik
and hj,, , for the differential LS problem can replace h; , in
the H design matrix of (10) and (12). All the above described
models will be compared to identify the best solution for
GNSS ranging in space.

It has to be noticed that both users have an independent
free clock. Therefore, the inter-user GNSS measurements are

<

+380 000 km
+2000 km

(

Moo

+8000 kix

GALILEO/GPS

LPF

Fig. 2: Schematic of the GNSS scenario for VMMO and
Pathfinder.

asynchronous with a timestamp offset At;; and have to be
synchronized by using, for example, the range-rate information
that can be inferred from the Doppler measurements.

This aspect is of particular importance in the case of a space
scenario involving orbiters, given the high users velocity.

The technique to synchronize the measurements of the
aiding agent with the aided agent measurement timestamps
is based on the Doppler frequency shift of the aiding agent j
with the satellite s, ¢3 (tj,5) so that

5 (tik) = p5(t5n — Atij k)

= pj(tik) = Atijr - Ar, - &5(E5k);
where Ay, is the wavelength associated to the carrier frequency
of the GNSS signals, 0.2549 m for L5/E5a, being the focus
frequency band of the present contribution, given its inherent
advantages for spaceborne GNSS users, as discussed in [16].
In the present contribution however, in order to isolate the
impact of the time-compensation quality on the ISR estimation
process, the measurements of the aiding agent will be inferred
at the aided agent timestamps with a shape-preserving piece-
wise cubic interpolation.

(22)

IV. THE CONSIDERED SPACE SCENARIO

In order to analyze the applicability of the concept in space,
a scenario including two lunar missions foreseen in the next
years has been taken as a meaningful example. The estimation
of the baseline length is performed between a lunar CubeSat,
Volatile and Mineralogy Mapping Orbiter (VMMO), and the
communication relay Lunar Pathfinder (LPF). A representative
orbit for the VMMAO mission consists in the Low Lunar Frozen
Orbit (LLFO) of which the keplerian parameters are given in
[17].

The second lunar mission considered in this paper, the LPF,
will fly to the Moon in an Elliptical Lunar Frozen Orbit
(ELFO). The goal of this mission is to serve as relay between
lunar assets via the S-band and Earth in the X-Band [18]. The
orbit of LPF favours a long duration coverage of the lunar
southern hemisphere attractive for early lunar missions, and
its orbital keplerian parameters are given in [19].

The overall scenario is depicted in Fig. 2. These two mis-
sions are realistic candidates to use DGNSS in space as they
will both have a GNSS receiver aboard and a communication
link to communicate with neighboring space missions. This



TABLE I: Comparison of the parallelism assumption validity
between terrestrial and lunar scenarios.

Typlcal values Terrestrial scenario Lunar Scenario

Inter-agent distance (km) [20; 200] [2,500; 11,000]
User-to-satellite distance (km) 20,200 380,000
Validity ratio (%c) [1; 10] [5; 29]

scenario is simulated on the 09-Nov-2025 00:00:00.000 GPST
when the presence in space of both user missions can be
assumed.

To compare the parallelism assumption validity in a ter-
restrial scenario with respect to the space scenario of Fig.2.,
the ratio between the inter agents distance d;;; and a typical
user-to-satellite range 77 ;. is considered. The closer this ratio
is to zero, the closer the assumption is to be valid. Table
I presents typical values of this ratio in a terrestrial case
with respect to the lunar scenario, considering the distances
typical to the VMMO-Pathfinder cooperation and the Global
Positioning System (GPS) constellation. The numbers shown

in Table I show that in a DGNSS case applied to a typical lunar
scenario, the ratio becomes significantly higher when com-
pared to terrestrial applications. In the long-baseline DGNSS
terrestrial applications presented in the literature, the dominant
error factor becomes the ionospheric and tropospheric delays
between the cooperating users such that the effect of the bias
introduced by the assumption in (13) in the algorithm itself is
not analyzed [20]-[22].

It has to be noted that the large spacecrafts velocity causes
high pseudorange rates (values up to 20 kHz in terms of
Doppler shift vs 2 kHz for terrestrial ground users) as well
as making the baseline length variation rate to be significantly
large.

V. METHODOLOGY

To assess the performances of GNSS ranging based on the
measurements made by a real spaceborne receiver in lunar
orbit, the three segments of a GNSS positioning scenario
followed by a post-processing phase are emulated.

A. User segment

The user segment made up of the NaviMoon receiver is then
set up to run an aided GNSS scenario fed with an RF cable
from the Radio Frequency Constellation Simulator (RFCS)
generated signals. An Engineering Model version of the re-
ceiver is in the Radio Navigation Laboratory of ESA and it
was used to perform the present tests. The NaviMoon receiver
is a high-sensitivity spaceborne receiver with an acquisition
engine sensitivity as low as 18 dB-Hz and a tracking threshold
of 15 dB-Hz on L1/E1 and 12 dB-Hz on L5/E5a [23]. Aided
data can be provided to the receiver to search only visible

satellites, predict Doppler and prioritise satellites with high
C'/No.

The receiver antenna pattern is an omnidirectional pattern
with a 0 dB antenna gain. The necessary power gain to
complete the link budget to meet a descent visibility is set
on the system side. It is assumed that this would not cause
a significant difference in the performances with respect to
the real scenario given the fact that the intended high-gain
14 dBi Harp antenna will be steerable and have a relatively
flat antenna gain over the beamwith covering the Earth GNSS
satellites directions as seen by the lunar orbiter [23].

B. Space segment and Control segment

The space segment of the present scenario includes a high-
fidelity orbit propagator to generate the reference trajectories
of the VMMO and of the LPF. These ground truths are then
injected in a GNSS RFCS to create representative signals for
a user in lunar orbit. The space segment of the simulated
scenario is run by the ESA Radio Navigation Laboratory’s
RFCS. The considered GPS constellation consists of 32 satel-
lites. No tropospheric nor ionospheric errors was applied
since the percentage of Earth GNSS signals acquired at the
Moon that passes through the Earth’s atmosphere is actually
negligible. The GNSS antenna patterns used for this specific
scenario are flat with a transmission gain of 5 dB and an
additional 10 dB global offset has been applied to the entire
constellation. Furthermore, an additional gain has been applied
to compensate for the absence of receiver antenna pattern as
mentioned in section V-A. This additional gain was selected
based on a previously run STK scenario to match the carrier
to noise density ratio levels representative of a lunar scenario.

The control segment communicates with the NaviMoon re-
ceiver using Telemetry and Telecommand (TM/TC) to provide
the receiver with the necessary aiding and to retrieve and
store the GNSS observables measurements. Finally, the post-
processing block runs a positioning algorithm based on the
receiver raw measurements logs and tests the various GNSS
ranging techniques.

VI. RESULTS

For the purpose of comparing the ISR estimation perfor-
mances with the already known ones on Earth, a terrestrial
scenario is also presented here below. It is made of two GNSS
ground static users with a fixed baseline of 1 km.

Fig. 3 shows the GNSS visibility of the aided agent as well
as the number of satellites commonly visible to both users,
named “shared”, which will be used for the differential GNSS
ranging techniques, for the terrestrial and lunar scenario,
respectively. It shows that the number of satellites usable
for the differential ranging techniques drop from 10-12 for
Earth ground users to 0-7 for a lunar scenario. On top of
the lower signals power received by the Moon receiver, the
lunar missions also suffer from periodical obstruction from
the Moon’s limb.
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A. ISR estimation error comparison

The ISR estimation error over time and in terms of statistics
is also discussed for both the terrestrial scenario and the lunar
scenario, for all the techniques presented in the Section II.
The legend of the graphs for the ISR estimation error indicates
the name of the ISR estimation techniques depending on the
design matrix H and the chosen unit steering vector. For
example, the technique SD Haided corresponds to the SD
technique with the design matrix made of the unit steering
vectors originating in the aided agent estimated position.
The technique SD Haiding true corresponds to the SD
technique with the steering vectors originating in the true
position of the aiding agent. This is done to understand the
impact of the quality of the position estimate used in the
design matrix on the final ISR estimation error. The technique
SD Haided correction corresponds to the SD technique
where the bias introduced by the parallelism assumption was
corrected according to (15). The technique SD Hsum corre-
sponds to the SD technique with the design matrix made of
the unit steering vectors defined in (16). Fig. 4 shows that, as
expected for a terrestrial scenario, the ISR estimators presented
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Fig. 5: ISR estimation error over time for a lunar scenario
using interpolated aiding pseudoranges.

TABLE II: ISR error statistics: comparison table.

ISR Terrestrial static | Lunar dynamic
error case (m) case (km)
Statistics 75t perc 75 perc
APD 0.037 0.599
PR 0.045 1E13
SD Haided 0.045 251.748
SD Haiding 0.045 208.427
SD Haiding true 0.045 261.06
DD Haided 0.047 251.748
DD Haiding 0.047 208.427
SD Haided correction 0.049 142.85
SD Hsum 0.045 12.228
DD Hsum 0.047 14.357
SD Hideal 0.037 0.599
DD Hideal 0.037 0.599

above behave as unbiased estimators, hence validating the
parallelism assumption considered for ground applications.
Table II showing the 75th percentile of the ISR error displays
therefore a low variability between the different techniques
in terms of performances, at sub-decimeter level for a static
ground scenario. When moving to a lunar scenario, as depicted
in Fig. 5, the situation is completely different. The error
becomes very dependent on the ISR ground truth, slowing
increasing up to 02:40, where it reaches its peak value. A few
algorithms however seem to behave independently of the ISR
truth, namely SD Hsum, DD Hsum, SD Hideal, DD Hideal
and APD, as emphasized by the numbers in table II.

VII. CONCLUSION

The present contribution shows the potential of differential
GNSS techniques for a lunar scenario of cooperating users.
The results showed that the commonly used algorithms for
Earth are not applicable directly to space and some modifica-
tions to the design matrix allowed to reduce the dependency
of the ISR estimation error in the actual baseline length. It
must be kept in mind that the presented performances are a
lower limit case as the common number of visible satellites



involved in the GNSS ranging algorithms is very low and this
could be improved with higher user antenna gains or with a
focus on simulation periods where the users do not suffer from
the Moon’s limb obstruction.
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