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Abstract—As lunar exploration progresses, autonomous space-
craft navigation is becoming critical. Global Navigation Satel-
lite System (GNSS) signals provide a valuable alternative to
traditional ground-based systems, offering real-time navigation
for lunar orbiters. NASA’s LuGRE initiative recently demon-
strated GNSS signals reception at 432,384 km from Earth,
proving its feasibility despite challenges such as low power
levels and poor geometry. These limitations justify the need
for augmentation strategies to extend GNSS usability in the
Space Service Volume (SSV) and potentially support future lunar
navigation systems. This study investigates cooperation between
lunar orbiters via Differential GNSS (DGNSS) where missions are
assumed to exchange pseudorange and Doppler measurements to
estimate their Inter-Spacecraft Ranges (ISR). A key challenge
is the asynchronous nature of pseudorange data caused by
clock biases because of the large dynamics characterizing such
scenario. Therefore, this work provides an assessment of a
time-extrapolation technique used to mitigate these offsets and
then evaluates its impact on the ISR estimation process using
simulated data. The findings provide insights into DGNSS as a
potential augmentation solution, supporting the roadmap towards
a robust lunar navigation architecture.

Index Terms—DGNSS ranging, GNSS in space, lunar missions,
asynchronous pseudoranges combination

I. INTRODUCTION

As the second wave of lunar exploration gains momen-
tum, the development of navigation solutions for spacecrafts
visiting the Moon is in the spotlight. Traditional space nav-
igation methods, which have largely depended on ground-
based systems such as the Deep Space Network (DSN), are
being reevaluated in favour of more autonomous solutions
[1]. Among these, Global Navigation Satellite System (GNSS)
signals have emerged as a promising tool, providing real-time
navigation capabilities for lunar orbiters.

In recent years, significant advancements have been made
in applying GNSS beyond Earth’s orbit, even though these
signals were originally designed for terrestrial use. Spacecrafts
in lunar orbit face challenges such as signal attenuation and
limited satellite visibility, but modern developments in GNSS
technology, including enhanced receiver sensitivity [2], im-
proved signal processing algorithms [3], and access to multi-
constellation GNSS such as Galileo and GPS have made

continuous onboard navigation at such altitudes more realistic.
Recognizing this potential, National Aeronautics and Space
Administration (NASA), in collaboration with Italian Space
Agency (ASI), has just set a new record by picking up Galileo
and Global Positioning System (GPS) signals at a distance
of 432384km from Earth with their Lunar GNSS Receiver
Experiment (LuGRE) [4], [5] and the European Space Agency
(ESA) is set to follow with their Navimoon initiative soon to
be flown on the Lunar Pathfinder mission [2], [6]. These in-
novations would enable spacecrafts to reduce their reliance on
ground-based tracking systems, offering real-time positioning,
velocity determination, and time synchronization. As a result,
GNSS-based navigation has become an attractive solution for
future lunar missions, which demand greater autonomy and
precision. However, relying solely on GNSS signals in lunar
orbit presents limitations due to poor signal geometry at such
distances [1]. The clustering of GNSS satellites near Earth’s
horizon leads to suboptimal Geometric Dilution of Precision
(GDOP), degrading the precision of the positioning solution
[7]. While GNSS can support autonomous navigation, it may
not be sufficient to meet the requirements of precise operations
required for upcoming missions. With over 400 planned lunar
missions by space agencies and private companies in the next
two decades and the success of inter GNSS users collaboration
to increase the individual performance of GNSS users in
terrestrial applications, the present context calls for testing
inter-mission cooperation between lunar users to ultimately
improve the individual GNSS performance while keeping the
navigation infrastructure costs low [8].

By sharing multi-constellation, multi-frequency pseudor-
ange and Doppler shift measurements, spacecrafts can generate
additional ranging measurements with neighbouring space
missions [9]. These techniques fall under the category of
Differential GNSS (DGNSS). Exploiting neighbouring lunar
missions as anchors of opportunity would allow to improve
the geometry of the sources involved in the creation of the
onboard navigation solution while leveraging on the resources
already planned for the Moon [10]. However, because each
mission will have their own local clock onboard, the set of
pseudorange measurements made onboard of each cooperating



GNSS receiver will be asynchronous. An important step in
the process of DGNSS inter-user range estimation hence
consists in extrapolating the measurements of the anchors of
opportunity to the timestamps of the target GNSS receiver.
This technique was successfully used for cooperation among
GNSS users on earth [11]. However, the dynamics inherent
to space users are significantly different than terrestrial ones
and could impact the final performance of DGNSS inter-user
ranging [9].

This measurement time extrapolation technique relies on
a product between the GNSS Doppler shift measurements
of the space user and the individual clock bias estimates of
both cooperating users. The Doppler measurements between
lunar orbiters and GNSS satellites reaching values up to 10
times larger than in the case of terrestrial applications, the
noise variance characterizing the clock bias estimates may
degrade even more the extrapolated pseudorange estimation
quality. Moreover, this technique assumes that the Doppler
shifts stay constant over the duration in which the pseudorange
set is being extrapolated. The space GNSS users dynamics
varying faster when compared to those of terrestrial ones, this
assumption may not anymore be taken for granted in space.
Hence, the present paper aims to investigate these aspects.

In particular, it assumes the scenario case where both the
Lunar Pathfinder and the Volatile and Mineralogy Mapping
Orbiter (VMMO) missions are flying around the Moon and ex-
changing their pseudorange and Doppler measurements made
from Galileo and GPS systems. It assesses the ranging and
timing errors associated to DGNSS techniques. Finally, the
effect of pseudorange time-extrapolation error on the perfor-
mance of inter GNSS users ranging in space is investigated.

The paper is structured as follows: section II describes
the fundamentals of the GNSS-based baseline estimation,
section III describes the simulation blocks used to perform
this analysis and the considered space scenario used to as-
sess the effect of asynchronous pseudorange measurements
on DGNSS ranging in space. Finally, section IV presents
the results achieved with this environment and analyzes the
potential performance of inter-agent GNSS ranging in space
with asynchronous measurements.

II. DGNSS RANGING IN SPACE

Relative ranging radio technologies allow the computation
of the distance d;; between two moving objects ¢ and j,
at a given time instant ;. A subgroup of those technologies
directly provide an estimate of d;; by means of signal Time
of Flight (ToF) or Round Trip Time (RTT). DGNSS techniques
instead first indirectly estimate the displacement vector d;; j
between the two users positions X; j, and x; ., a.k.a. baseline
vector,

dijr = [ Azijp Ayije Dzie |, (1

and subsequently estimate the range by taking the Euclidean
norm of (1). In [12], different GNSS-based ranging techniques
are presented and applied to terrestrial applications. The most
straighforward called Absolute Positions Differencing (APD)

is based on the direct difference of the GNSS estimated
position of both users involved. Many ways exist to estimate
the position in the GNSS framework, varying in accuracy
and precision. However, the present contribution considers
a pseudorange-based Single Point Position (SPP) estimation
with an iterative Least Squares (LS) algorithm to keep the
focus and understanding on the range estimation algorithms.

The other GNSS-based ranging algorithms are known un-
der the name of DGNSS ranging techniques and rely on
the inter-user combination of pseudorange measurements. As
the receivers’ local clock are asynchronous, the pseudorange
measurements of the aiding user must be time-extrapolated at
the measurement timestamps of the aided user. This technique
is based on Doppler shifts and is described below.

The inter-user combination of pseudoranges can be done via
Single Differences (SD) and Double Differences (DD). How-
ever, traditional DGNSS ranging algorithms used in terrestrial
applications were shown not to be adequate for a scenario
of lunar orbiters due to the invalidity of the parallelism
assumption usually taken for granted in terrestrial scenarios,
as presented in [9]. The issue is summarized below and
the solutions presented in [9] are reported in the presented
contribution as they are applied to the studied lunar scenario.

A. Positioning algorithm

As explained in [7], [13], [14], the pseudorange measure-
ments made between GNSS receiver ¢ and satellite s at epoch
ti are affected by various sources of errors and can be
decomposed into

pf,k = rf,k + bik — ¢ Oty + datmk + €f,k 2)

where r7, is the range between receiver ¢ and satellite s,
bir =c- 5tf i 1s the range offset caused by the receiver’s local
clock bias 4t} with respect to the system timescale, 0t} is the
modeled part of the satellite clock offset with the system time,
which can be partly corrected for, using the values broadcast
in the navigation messages (for SPP), as well as a small
relativistic correction needed to compensate for the orbital
eccentricity, and dgyy, , are the atmospheric delays. Finally,
€; i, represents the unmodelled errors including receiver noise,
multipath signals, orbital errors and other effects as referenced
by [15].

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, , and clock bias I;*Jg are
updated based on the linearisation of the pseudorange equation
with a Taylor expansion truncated at the first order

s sl—1 )
x*vk = X*Jg + AX*,k?

. A A 3)
bop =030+ AbL (

where %! and IA)f:kl are the position and bias estimated at

the previous iteration [ — 1 for user « (i or j, interchangeably)
and AL, and AbL , are the increments in position and clock
bias for the current iteration / and are obtained thanks to

[Afci, ,

A k] = (HTH) 'HTAp,, (4)



where H is the N x 4 direction cosine matrix estimated from
the last iteration estimate of the user position and is made of
the unit steering vectors to the satellites, h$, [7]. Apfh i 18 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. N represents the number of
GNSS satellites involved in the computation and must be at
least equal to 4 to solve for the 4 unknowns.

B. Inter-user cooperation

For DGNSS ranging to be performed, the availability of a
low-latency communication link between the cooperating users
is assumed, also known as Inter-Satellite Link (ISL) in space.
In such conditions, a GNSS user called aiding can send its
GNSS pseudorange and Doppler measurements to the aided
user, as depicted in Fig. 1. If available, it can also share with
the aided user its local position and clock bias estimation.
However, DGNSS ranging can also be performed without this
information, as justified in section II-D.
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Fig. 1: DGNSS based ranging scenario.

C. Time-extrapolation of the aiding user pseudoranges at the
aided user measurements timestamps

Due to their asynchronous clocks, there is a time offset
between the measurements of the pair of receivers, defined
as At;;p = t;x — tik, Where t, ; is the receiver timestamp
associated to a given set of pseudorange measurements after
correction of the corresponding receiver clock bias 4t ; for
user *x (which denotes the user ID, 7 or 7). For the measurement
sets of both users to be coherently combined with one another,
they must both be defined at a unique common timestamp. The
technique to extrapolate the measurements of the aiding user
to the aided user measurement timestamps, as introduced in
[11], is based on the Doppler frequency shift of the aiding
user j with the satellite s, ¢3(¢;,x) such that

P (tik) = pj(tjn — Atijx)
= pj(tjn) + Atijr - Ap. - &5 (t.8),

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 [1].

D. DGNSS ranging and timing techniques

Once the aiding pseudorange measurements received and
time-extrapolated, SD and DD combinations can be performed
to proceed to the ranging step. In the context of space
applications, such range is also called Inter-Spacecraft Range
(ISR).

1) Single Differences ranging: 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 _ S S
Sij,k =Pjik — Pik

6
= Arfj’k + Abij’k + Aeijyk, ©

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

The computation of the baseline vector based on SD is
performed through (7), assuming a minimum of 4 visible
GNSS satellites common to both users if the differential clock
bias Ab;;; is unknown and 3 visible satellites if Ab;;y is
considered already known, in which case the column of ones
in (7) could be removed.

Séjyk hék 1

Sij,k _ hi,k 1 dijx 7
: B Do [Abi

S2k hy, 1

The estimated Ab;;x via (7) is referred to differential clock
bias in the rest of the paper, while Ab; j,k estimated taking the
difference of the individually LS estimated IA)*’ & in (3) such that
AIA),»J;;C = IA)M - IA)Lk is referred to difference of estimated clock
biases, being also a product of the estimation called APD, later
described in Table I.

2) 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:

s _ S s — ST L.
ik =S5k — Stk = AR o+ Xij ks (®)

where S7; is a SD computed according to (6) 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 [7]. The term AR®" can be expressed
highlighting the dependency from the baseline vector as:

ARTF = [0, —hs )" dy. ©)



In order to determine the steering vectors used in (7) and
(9), an approximation of the two positions is needed. A
GNSS receiver can solve for the aiding position by using the
extrapolated aiding pseudorange measurements. By means of
this approach, the exchange of the estimated position is not a
strict requirement since it can be computed autonomously at
the aided receiver.

One difference between SD ranging and DD ranging is that
DD ranging cancels out the receivers differential clock bias
out of the measurements. Therefore, only the relative distance
can be estimated out of this technique. Also, a minimum
of 4 commonly visible GNSS satellites are needed in any
circumstance for this technique, since one satellite is needed
as pivot to construct the DD.

E. Characteristics of a space DGNSS scenario

When dealing with the application of DGNSS in a terrestrial
scenario, the relationship in (7) is valid since it is based on
a parallelism assumption of the steering vectors of the users
with respect to the GNSS satellites [12], [16]-[19]. Under
such assumption, the difference in true ranges Arfj, ;; can be
approximated by the inner product between the baseline vector
d;j, and the unit steering vector h?, or h?, between either
user ¢ or j and the satellite s, i.e.:

T

Aﬁj,k ~ — [h:k] dij,k

,

(10)

However, in a space scenario, the typical distances of a
DGNSS scenario involving lunar orbiters and terrestrial GNSS
satellites lead the ratio between the baseline and the GNSS
user to GNSS satellite to be easily two orders of magnitude
larger than for terrestrial applications. The parallelism assump-
tion is therefore not applicable anymore such that a bias is
observed when the inter-user range is estimated based on the
parallelism assumption for a space scenario. A few solutions
thoroughly described in [9] are based on updating the steering
vectors used in (7) and (9) depending on the user of which the
position estimate is used to build the DGNSS technique design
matrix and are defined in Table I. The presented techniques are
all based on the measurements defined in (6) and (8), except
APD that is based on the difference of the solutions defined in

3.
III. METHODOLOGY

To investigate a realistic case study, it is crucial for a GNSS
receiver to receive signals that are characterized by power
levels and Doppler profiles aligned with those received by a
GNSS user in lunar orbit from the reference Medium-Earth
Orbit (MEO) GNSS constellations. To accomplish this, the
constellation propagator tool AGI Systems Tool Kit (STK)
is employed to simulate GNSS satellites, model the com-
munication channel with the receiver, and propagate the two
users’ initial state. During a 4 hours track starting on 09-Nov-
2025 00:00:00.000 UTC, the GNSS satellites position time
series, the C'/Ny and Doppler shifts of the signals received
by the two receivers as well as the users’ position time series
were collected and logged. These data were then passed to the

TABLE I: GNSS ranging and timing techniques according to
[91.

Name Description

Direct difference of the GNSS estimated
state vectors of both users involved.

SD or DD terrestrial DGNSS technique where
the aided user position is used to build

the steering vectors in (7).

SD or DD terrestrial DGNSS technique where
the aiding user position is used to build

the steering vectors in (7).

SD DGNSS technique where the aided user
position is used to build the steering vectors
in (7) and the pseudoranges measurements
were corrected to compensate for the
invalidity of the parallelism assumption.

SD or DD DGNSS technique where a
combination of steering vectors from both
users’ positions is used in (7) to
compensate for the invalidity of the
parallelism assumption.

SD or DD DGNSS technique where a
steering vector considered as ideal

to compensate for the invalidity of the
parallelism assumption is used in (7).

APD

SD or DD Hgajided

SD or DD Haiding

SD Haided, corrected

SD or DD Hsum

SD or DD Higeal

post-processing stage in Matlab as described in Fig. 2 showing
the simulation blocks involved in the simulation.

Orbit 6
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1
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2
S
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ISR estimation

!
@ ISR estimates
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Fig. 2: Simulation blocks diagram.

In the post-processing stage, the C/Ny are first converted
to pseudorange standard deviations, providing an estimation
of the code tracking accuracy as a function of the Radio-
Frequency (RF) front end parameters and the C/Nj [20].
These pseudorange measurements are created for each receiver
at their respective measurements biased timestamps. This is
done based on a realization of the pseudorange noise for a
set number of Monte Carlo simulations. The pseudoranges of
the aiding agent are then time extrapolated to align with the
timestamps of the aided agent. Each aiding user’s pseudorange
measurement is extrapolated to its closest neighbor among the



aided user measurements’ timestamps. The measurements rate
of both receivers is considered to be 1 Hz, therefore each aid-
ing agent’s timestamp is assumed to have a neighbour at less
than 0.5 s away. Therefore, an aiding agent measurement has to
be time-extrapolated at most over a duration of 0.5 s. Once this
process completed, the LS SPP estimates are obtained for each
receiver. In parallel, the aided pseudorange measurements and
the extrapolated aiding pseudorange measurements are passed
through the pseudorange combination block to form the SD
and DD quantities. These are then given to the ISR estimation
block, together with the estimated SPP to estimate the ISR
values for each Monte Carlo simulation, at each timestamp.
The number of simulated datapoints then amounts to a total of
4 x 60 x 60 x Np;o = 14400 x Nz, where 4, the number of
hours in the scenario, is multiplied by the number of seconds,
since the sampling frequency is 1 Hz, and by Njsc, the
number of Monte Carlo simulations. The number of Monte
Carlo simulation run for this work is 100.

Fig. 3 depicts the selected lunar scenario, involving the
cubesat VMMO mission orbiting the Moon in a Low Lunar
Frozen Orbit (LLFO) orbit together with the Lunar Pathfinder,
orbiting the Moon in a Elliptical Lunar Frozen Orbit (ELFO).
Both missions were propagated in STK using the High-
Precision Orbit Propagator (HPOP).

~384400 km

NSS signad \311\ —————————
o S

~200 km I e

Moon Q‘h;\ ~~~~~~~~~~~~~~~
ISR
~7000 km ol :
= GNSS satellites
T
Pathfinder

Fig. 3: Schematic of the GNSS scenario for VMMO and the
Lunar Pathfinder. Not to scale.

The ISR truth and relative velocity is also given in Fig. 4
to support the statement that this analysis considers large
baselines, and high relative dynamics.

Finally, a high-level overview of the settings considered to
perform this simulation is provided in Table II.

IV. RESULTS

In this section, the simulation results are presented, ac-
cording to the methodology described in section III. First,
the quality of the position estimated by the iterative LS
algorithm is assessed, together with the quality of the ranging
algorithms. Subsequently, the differential clock bias estimation
obtained by the DGNSS ranging algorithm is shown and
compared to the quality obtained by substracting the two
individually estimated clock biases. Finally, the Doppler shift

Velocity (m

2000 L
00:00 00:30 01:00 01:30 02:00 02:30 03:00 03:30

Time (UTC) Nov 09, 2025

Fig. 4: ISR truth and relative velocity over the tested time
window [9].

TABLE II: Scenario settings.

Parameter Setting
Galileo
GNSS GPS
ESa-L5
Frequency band  (central frequency f. = 1176.45M Hz and
A =0.2549 m)

Pathfinder (ELFO) [6], [21]

VMMO (polar LLFO) [22]

Initial states propagated with HPOP [23]
Moon as central body (48, 48)

Gravity file ’GL0660B.grv’ [24]
Earth-Sun as point masses

Earth pointing antenna

14 dBi gain

15 dB-Hz sensitivity

Users

Force model

Receiver

values of the lunar user receiving terrestrial GNSS signals are
presented, together with their rate to understand the effect of
the large dynamics of such a DGNSS ranging scenario on the
extrapolation of the pseudorange measurements.

A. DGNSS ranging performance in space

The quality of the position estimates obtained by a GNSS
receiver orbiting the Moon with an iterative LS algorithm
is presented in Fig. 5. The bias and standard deviation of
the position error are presented for a set of 100 Monte
Carlo simulations as specified in the section III. The error
is presented in the 3D reference frame Moon-Mean Earth as
defined in [25]. The particularity of this reference frame is
that its x-axis is aligned with the Moon-Earth mean direction.
This shows that estimated position uncertainty is largest in
the direction from the lunar satellite to the Earth. This is
because the GNSS signal directions as seen from the lunar
orbit are clustered, making the position error in the line-of-
sight direction and the clock bias error ambiguous. In order
to show the effect of clock bias uncertainty on the DGNSS
ranging algorithms, Fig. 6 shows the ISR performance in three
different cases.

o Fig. 6a presents the Empirical Cumulative Distribution
Function (ECDF) of the Root Mean Square Error (RMSE)
in the case the two receivers are unrealistically perfectly
synchronous with each other. In such a case, both the
position estimation and the ISR are reduced to a 3D
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Fig. 5: Error on the LS estimated position of VMMO.

problem as the clock biases are assumed to be zero and
known in advance. In that situation, the range between
a pair of lunar receivers can be estimated with DGNSS
ranging with an RMSE below 10 m at all times, as shown
by the APD, the SD Higea1 and SD Haided,corrected
techniques, introduced in Table I. It is also to be noted
that the algorithms suggested as more adequate for the
lunar DGNSS scenario present RMSE values from 1 to 4
orders of magnitude lower when compared to the DGNSS
algorithm used in the terrestrial applications.

o In the second case, the receivers measurements are
considered asynchronous. In that case, the positioning
problem comes back to a 4D problem to estimate the 3D
position and the local clock bias of each receiver. The
estimated clock bias from the first stage is then used to
correct the pseudorange measurements such that the ISR
SD problem can be still treated as a 3D problem. This
analysis shows that the ISR estimates are significantly
affected by the time uncertainty due to the error on the
clock bias estimation. Indeed, the RMSE of the most
accurate techniques among those presented worsens by at
least one order of magnitude as shown in Fig. 6b. It is also
interesting to note that, if the common terrestrial DGNSS
ranging algorithm is applied to the geometry of lunar
orbiters instead, the maximum RMSE remains unchanged
when compared to the first scenario. The geometry bias
caused by the invalid parallelism assumption is indeed
dominant in that case.

o Finally, in the third scenario, the receivers are also
considered asynchronous but this time the pseudorange
measurements are given raw to the ISR estimation stage.
The SD ISR estimation hence becomes a 4D problem as
the differential clock bias also has to be estimated. The
results of this analysis presented in Fig. 6¢c show that
the ranging performance of the SD algorithm worsens
and becomes similar to those of the DD algorithms. The
ISR ranging estimation bias hence increases when the SD
algorithm is 4D. The DD algorithms ranging performance
remain unchanged over all the scenarios as the differential
clock biases (or the differential residual errors on the prior

estimation of the clock bias in the second scenario) are
cancelled during the combinations of two SDs to two

different GNSS satellites.
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Fig. 6: ISR estimates quality for different hypotheses of the
receivers’ time knowledge.

B. DGNSS differential clock bias estimation in space

In this section, the quality of the differential clock bias esti-
mated by the DGNSS SD algorithm is assessed and compared
to the quality of the difference of estimated clock biases, as
defined in section II-D. This is presented in the form of a
boxplot to depict the time evolution of the Probability Density
Function (PDF) of the estimation errors over the Monte Carlo
simulations in Fig. 7. Fig. 7a shows the estimation quality
of the clock bias of VMMO obtained by the iterative LS
estimator. It shows that at all times over the 4h simulated data,
50% of the estimations present an error lower than 0.8 us.
This value increases slightly up to 1 us for the difference
of estimated clock biases, as observed in Fig. 7b. Also,



the variance increases as shown by the whiskers expanding
further in Fig. 7b. The performance of the difference of
estimated clock biases proves similar to those estimated by
the DGNSS SD algorithm presented in Fig. 7c. These values
are also coherent with the Time Dilution of Precision (TDOP)
calculated from the respective design matrices.
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Fig. 7: Boxplot of the time evolution of the PDF of the VMMO

estimated clock bias error (a) and the estimated differential
clock bias error for the different methods (b and c).
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C. Effect of the large dynamics on the time-extrapolation of
the pseudorange measurements

Finally, the current analysis aims to assess the impact the
large dynamics inherent in a lunar DGNSS scenario could have
on the time-extrapolation of the pseudorange measurements,
being a necessary step to combine asynchronous measure-
ments. To this end, Fig. 8 shows the Doppler shifts between the
Lunar Pathfinder mission and the terrestrial GNSS satellites
over time. These values are about 10 times larger than those of
a terrestrial GNSS user. Despite being large, the largest value
would not impact much the Doppler-based time extrapolation

performance. Indeed, if we consider the APD technique to
estimate the differential clock bias, of which the error is
presented in Fig. 7b, the error has 50% probability to be
lower than 1 ps at all times of the simulated window, this
value multiplied by the upper bound of Doppler shifts in this
simulation, 20 kH z, and the wavelength of E5a/L5 carrier
frequency, 0.2549 m, as per (5), represents an extrapolation
error of 5 mm. Moreover, the Doppler shifts variations are still
relatively limited in range as shown in Fig. 8b. Indeed, over
the simulated period, the Doppler rates remain below 2 Hz/s,
which, in terms of effect it can have on the time-extrapolation
technique of the pseudorange measurements, remains low.
Indeed, as described in section III, two receivers with a mea-
surements rate of 1 H z might have to combine measurements
at most 0.5 s apart. This means that the pseudoranges of the
aiding user should be extrapolated over a maximum of 0.5 s.
If we consider the maximum Doppler rate value of 2 Hz/s,
this would correspond to a change of 1 Hz over 0.5 s, hence
to a pseudorange variation of 0.2549 m (for the E5a/L5
band), considered as negligible in the space GNSS context.
The effect that the noise affecting Doppler shifts instead is
ignored, as it would be multiplied only by a small factor of
Af, X Atz = 0.2549 x 0.5 = 0.127, at worst, which is
considered negligible in the lunar GNSS context.
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Fig. 8: Doppler and Doppler rate between a lunar orbiter
(Pathfinder) and the GNSS satellites (Galileo and GPS).

V. CONCLUSION

The present contribution analyses and presents the perfor-
mance of differential GNSS ranging and differential clock



bias estimation in space. In particular, it assesses the coop-
eration between two lunar orbiters, both receiving Galileo
and GPS signals from terrestrial constellations. Their GNSS
receiver makes pseudorange and Doppler measurements at
1 Hz, based on their respective onboard local clock, leading
their measurements to be asynchronous. The measurements of
the aiding user are first time-extrapolated to compensate for
the measurements time offset between the two receivers. The
combination of these measurements is then performed through
SDs and DDs and subsequently used to compute both the ISR
as well as their differential clock bias. The results confirm
that the traditional terrestrial ranging DGNSS algorithm is
outperformed by updated algorithms to adapt for the large
baseline characterizing a pair of lunar orbiters receiving GNSS
signals from terrestrial constellations. The significant effect of
noisy clock biases estimation on the ranging performance is
observed. However, the large dynamics of such scenarios trans-
lated into large Doppler shifts of GNSS signals do not appear
to cause significant Doppler-based time extrapolation error.
This analysis provides an informative background to further
improve the potential performance of DGNSS ranging in space
and eventually benefit from its potential of common correlated
errors cancellation on the combined GNSS measurements.
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