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ABSTRACT  

 

Currently, NASA, ESA, and JAXA are defining the LunaNet Interoperability Specification (LNIS). This specification will enable 

interoperable communication and Position, Navigation, and Timing (PNT) services on the Moon. Within the LunaNet 

framework, the Lunar Augmented Navigation Service (LANS) aims to provide Regional Navigation Satellite Systems (RNSS)-

like services to lunar users (i.e., rovers, landers, and orbiters). The service will be provided by different LunaNet service provider 

(LNSP) nodes each broadcasting the Augmented Forward Signal (AFS) to form regional coverage with appropriate geometry. 

Currently, ESA, NASA, and JAXA are developing LunaNet instantiations with industrial partners; respectively, Moonlight 

Lunar Communication and Navigation System (LCNS), Lunar Communication Relay and Navigation System (LCRNS), and 

Lunar Navigation Satellite System (LNSS) that each contribute to the LANS. By 2029, the first five nodes (1 LCNS node, 3 

LCRNS nodes, and 1 LNSS node) are planned to be in lunar orbit broadcasting the AFS and thus contributing to the LANS. 

Along with the LNSS satellite and the demonstration payload including the LANS receiver to be delivered to the Moon, JAXA 

is planning to perform a joint ESA-JAXA-NASA LANS interoperability demonstration.  

 

This mission will aim to: 

1) Acquire and track in-situ AFS signals from all LNSP nodes and assess the signal quality. 

2) Estimate the signal-in-space error (SISE) of each LNSP node. 

3) Demonstrate the interoperable approach is viable for a user to produce their position, velocity, and time (PVT) estimate. 

4) Perform additional experiments concerning, among others, lunar time and reference systems. 

 

To this end, the lander aims to embark a set of LANS receivers, an atomic clock (e.g., MiniRAFS), a laser retroreflector, and a 

Tracking, Telemetry, and Command (TT&C) transponder for Direct with Earth (DWE) communication and ranging. 

Due to the availability of precise geodetic techniques (e.g., a laser retroreflector), the position of the lander should be well 

surveyed providing a high-accuracy reference location. This reference position should enable the validation of the PVT solution 

achieved through combined usage of the LNSPs by NASA, ESA, and JAXA and thus demonstrate interoperability as achieved 



   

 

   

 

at the AFS level for the user. Moreover, when the precise a-posteriori LNSP products are available (similarly to GNSS precise 

products), the UERE (User Equivalent Ranging Error) can be characterized which should enable the estimation of the LNSP 

SISE. 

Moreover, having precise PVT, a stable, free-running atomic clock, and time-transfer capabilities could support the 

characterization of relativistic offsets between Moon- and Earth-based clocks. Furthermore, as part of the interoperable PVT, the 

impact of the different system time realizations of each LNSP and the provided offsets to relate back to LunaNet Reference Time 

(LRT) can be assessed. Finally, the presence of the lunar laser retroreflector (LRR) can support further improvements of the 

lunar reference frame realizations. 

 

This paper will analyze the different aspects of the LANS interoperability demonstration mission. First, it will simulate the 

accuracy of the reference PVT that can be achieved with the embarked geodetic techniques. Secondly, a preliminary assessment 

of the accuracy of the interoperable user PVT will be provided. This assessment will consider the latest information concerning 

the LNSP orbits and system design parameters (e.g., SISE). Finally, this paper aims to characterize the accuracy with which the 

reference user clock offset can be obtained by adding GNSS receiver capabilities on the lander. 

 

1. INTRODUCTION  

 
1.1. LunaNet 

 

LunaNet is a framework [1] for interoperable lunar communications and position, navigation, and timing (C&PNT) services 

based on standards, interfaces, and protocols identified in the LunaNet Interoperability Specification (LNIS) document set  [2] 

jointly developed by NASA, ESA, and JAXA. The vision is to establish the operational basis at the Moon for an internet-like 

data transport service and accurate in-situ PNT service, both suitable for future scalability across the solar system. The 

interoperable C&PNT services align with the Moon-to-Mars objectives [3] for lunar infrastructure and the recurring tenet for 

technical and operational interoperability across mission elements. 

 

1.2. LANS and Augmented Forward Signal 

 

LunaNet navigation services are primarily provided through the Augmented Forward Signal (AFS) [2]. The AFS is a GNSS-like 

signal (i.e., in terms of modulation) which will be broadcast by LunaNet Service Provider (LNSP) nodes in the S-band frequency 

(2492.028 MHz). Similar to GNSS, at least 4 signals transmitted by independent LNSP nodes are required to derive an 

instantaneous position, velocity, and time (PVT) solution. However, other sensors (such as Inertial Measurement Units (IMUs), 

Digital Elevation Models (DEMs), etc. can be used to derive PVT at user level with less than 4 satellites. In case 4 LNSP nodes 

(either from one or multiple LNSPs) transmit AFS simultaneously, a concept called the Lunar Augmented Navigation Service 

(LANS) is realized. The AFS will also carry a navigation message that enables users to obtain Clock and Ephemeris Data (CED) 

that are fundamental to derive a PVT solution.  

 

Figure 1 shows a realization of the LANS during the LANS interoperability demonstration mission, which would take place in 

2029. This figure represents the orbits of the ESA Moonlight LCNS IOC (Initial Operational Capability) node, the NASA 

LCRNS IOC-B nodes, and Japan LNSS demonstration mission node. Assumptions for this study on the orbital elements of these 

nodes are further detailed in Table 3.  

 



   

 

   

 

 

Figure 1 - Lunar PNT services provided by international LNSPs (ESA's LCNS, NASA's LCRNS, and Japan's LNSS). This figure represents 

the situation in 2029 during the LANS interoperability demonstration. Note that the orbits are notional and further detailed in Table 3. 

To ensure interoperability among the various LNSPs, it is fundamental that the CED refer to a common reference frame and 

timescale. The reference frames and timescale to be adopted by LunaNet are currently being defined and will be documented in 

Applicable Document (AD) LNIS [2] AD-5. 

 

1.3. LunaNet Service Provider Descriptions 

 

1.3.1. ESA’s Moonlight LCNS 

 

ESA is currently developing the Moonlight Lunar Communication and Navigation System (LCNS). The LCNS consists of five 

satellites: four navigation satellites and one communication satellite. The first navigation satellite and the communication satellite 

will be launched in 2029 declaring Initial Operational Capability (IOC), while the remaining three navigation satellites will be 

launched in 2030 declaring Full Operational Capability (FOC). The navigation satellites will be located in 24-hour Elliptical 

Lunar Frozen Orbits (ELFO). In this way, through broadcasting the LunaNet AFS, users within the lunar South Pole should be 

able to derive PVT for at least 15 hours per day. By the time of the LANS demonstration mission, LCNS is expected to be at 

IOC (one navigation and one communication satellite). 

 

1.3.2. NASA’s Lunar Communications Relay and Navigation System (LCRNS) 

 

LCRNS is a NASA Space Communications and Navigation (SCaN) Project within the Goddard Space Flight Center. LCRNS 

addresses relay-based communication and positioning requirements for NASA's lunar mission stakeholders throughout the 

Moon-to-Mars Artemis Program. While LunaNet establishes the cooperative framework for interoperable lunar orbiting C&PNT 

infrastructure, LCRNS specifically defines and validates its requirements for the commercial services implementing this 

capability. The LCRNS relay services respond to a three-phased deployment that meets NASA’s evolving C&PNT needs in the 

lunar South Pole Service Volume. Initial Operating Capability-Charlie (IOC-C) requires a minimum of four AFS links in view 

meeting a Geometric Dilution of Precision (GDOP) less than six for 40% of an Earth day. Each LCRNS AFS must meet a 

position Signal in Space Error (SISEpos) of 13.43m, 3σ. By leveraging commercial services, LCRNS represents a sustainable 

approach to human and robotic exploration infrastructure that aligns with broader Moon-to-Mars objectives. For the 

demonstration, NASA expects LCRNS to have AFS transmitted from three different lunar orbital nodes, which will also provide 

communication services. 

 

1.3.3. Japan’s LNSS 

 

The Lunar Navigation Satellite System (LNSS) is a Japanese lunar PNT system under development, aiming to provide a high-

accuracy positioning and navigation service at the lunar South Pole region. The first LNSS satellite is expected to be launched 

in 2029 to demonstrate its onboard technologies of GNSS weak signal navigation and navigation signal (AFS) generation and 



   

 

   

 

broadcasting. The mission will simultaneously validate the broader LNSS system through ground-based AFS reception by the 

LANS receiver positioned at the lunar South Pole region, while evaluating overall system performance including Signal-In-

Space Error (SISE) and PVT solution accuracy in the actual lunar environment.  The baseline LNSS satellite constellation is 

composed of eight navigation satellites to be deployed in two stable orbits called the Elliptical Lunar Frozen Orbits (ELFOs) [4]. 

The actual satellite orbits and the total number of satellites are subject to change, as the system development proceeds. The LNSS 

complies with the LNIS to become interoperable with the other LNSPs and together forms the LANS by broadcasting the AFSs 

towards lunar users. By the time of the demonstration, Japan expects to have a first LNSS (demonstration) satellite deployed in 

a circular lunar polar orbit, transmitting only the AFS. 

 

1.4. LANS Interoperability Demonstration Mission 

 

Interoperability is critical to the LANS. The current concept is to combine different LNSP space vehicles to create a constellation 

of AFS broadcasters that form LANS. To demonstrate the interoperability between the LNSPs, JAXA is proposing the first-ever 

LunaNet LANS interoperability demonstration mission in 2029 by deploying the first LNSS (demonstration) satellite in the 

Moon orbit and the LANS receiver at the lunar South Pole region. In 2029, three NASA LCRNS satellites (representing IOC-B) 

and one ESA LCNS satellite are expected in their respective ELFOs and together with the LNSS satellite, will enable 

demonstration of the LANS interoperability by receiving their AFSs with the LANS receiver to be placed on the lunar surface. 

The outcomes of this mission will prove the capability of the LANS concept and pave the way toward operational deployment 

of the LANS in 2030s. 

 

 

2. DEMONSTRATION MISSION 

 

2.1. Mission Objectives 

 

The objective of the LANS demonstration mission is to validate the end-to-end performance of the first instance of LANS, which 

is comprised by one Japanese LNSS node, one ESA LCNS PNT node, and at least two NASA LCRNS nodes. To achieve this, 

the demonstration lander will carry at least two LANS receivers to acquire, track, and process the broadcast AFS by the different 

LNSP nodes contributing to the LANS. In this way, the lander enables the verification of the interoperability between the 

different LNSPs. The demonstration lander will also carry a set of geodetic technique payloads (which are further detailed in 

Section 3) which will enable a precise estimation of the lander’s position and time, which can be used as a reference to benchmark 

the LANS derived PVT solution. 

 

The objectives of the LANS demonstration mission (presented in [5]) are recalled below: 

1. To receive AFS from each LSNP node and assess the signal quality. 

2. To compute and validate the SISE for each LNSP node by: 

a. Estimating the LNSP node orbit SISE contribution 

b. Estimating the LNSP node clock SISE contribution 

c. Evaluate contributing errors (e.g., LNSP node hardware delays) 

3. To validate the achieved user Position, Velocity, and Time (PVT) knowledge from the combined LANS: 

a. To estimate the User Equivalent Ranging/Range Rate Error (UERE/UERRE) per LNSP node 

b. To estimate the different user Dilution of Precision (DOP) metrics 

4. To validate the LunaNet Time and Reference Frame 

 

A detailed description on how each of these objectives is met is provided in [5]. This publication covers the following aspects 

related to the objectives: 

• The derivation of the “truth” position of the lander which will be used to characterize the performance of the LANS-

based PVT solution. Section 3 covers the instruments that are used to derive this “truth”, while Section 5.1 provides an 

estimate on the attainable precision of the “truth”. This “truth” solution is subsequently used within objectives 2 and 3 

as detailed in [5]. 

• The derivation of the “truth” time through GNSS time transfer as described in Section 5.3. This reference time will be 

subsequently used within objectives 2 and 3 as detailed in [5]. 

• A first iteration (compared to the results presented in [5]) on the attainable LANS-based PVT solution considering the 

latest representative orbits for LCRNS. This relates to objective 3. 

 

 

 

 



   

 

   

 

2.2. Mission Architecture 

 

Figure 2 depicts the architecture plan for the LANS interoperability demonstration mission. The JAXA-ESA-NASA LANS 

interoperability demonstration mission, currently targeted for 2029, aims to contribute to verifying interoperability of the 

available AFS broadcast by the different provider satellites. Placing the LANS receiver(s) at the lunar South Pole (SP) region 

enables the characterization of AFS broadcast by these LNSP nodes, in order to verify interoperability among these lunar PNT 

systems in an overlapping service area. Although still under investigation, the lander is expected to include one laser retroreflector 

(LRR) and one miniature Rubidium Atomic Frequency Standard (MiniRAFS) to enable the determination of the lander’s “true” 

position and clock reference. By using these assets, the achieved SISE associated with each LNSP satellite, along with the joint 

LANS PVT performance, will be evaluated by exchanging relevant data between the three space agencies (ESA, JAXA, and 

NASA). 

 

The mission data acquisition and concept for the evaluation of the “truth” data are illustrated in Figure 3. On the left of Figure 

3, the mission data refer to the in-situ data consisting of the received AFS raw measurements and the LANS receivers’ PVT 

solutions. Furthermore, the LNSP node mission data includes observations, clock, and ephemeris solutions from each node. For 

example, the LNSS node mission data includes observations from GNSS weak signals received by the LNSS satellite. As 

applicable, this mission data will be transmitted to Earth ground stations via the data transmission link of the LNSP node, the 

lander’s data transmitter, or using other available lunar relay nodes such as ESA’s Lunar Pathfinder. 

 

As illustrated on the right of Figure 3, the “truth” data are composed of the LNSP node precise orbit and onboard clock data 

(similar to GNSS precise products) and the LANS receiver’s precise position and clock data. The “truth” data will be used to 

validate the LANS receiver interoperable PVT and the SISE of the LNSP nodes. The LNSS satellite precise orbit will be 

determined by using traditional X-band DWE ranging and Delta-Differential One-way Ranging (DDOR), while the LCNS 

satellite precise orbit will be determined using X-band DWE ranging (like the real-time products1) and LLR (only occasionally). 

Then, based on the precise orbit determination results, the LNSS satellite clock data will be estimated by using the downlinked 

LNSS observations from GNSS weak signals received, while for the LCNS satellite, the clock offset will be estimated by two-

way satellite time-transfer (like the real-time products1). Methods for obtaining independent reference orbit and clock 

determination approaches for the demonstration for the LCRNS satellites are under investigation. The precise LANS receiver’s 

position will be determined based on terrestrial based ranging (i.e., DWE ranging, Delta-Differential One-Way Ranging 

(DDOR), and LLR) as further detailed in Section 5.1. Then, based on these precise position results, the receiver clock offset may 

be estimated by either 1) post-processing of LANS data, 2) GNSS based time-transfer (as detailed in Section 5.3), or 3) two-way 

time-transfer using the DWE link. The actual method for precise characterization of the receiver clock offset is still under 

investigation. 
 

 
1 The main difference between the real-time and a-posteriori products for Moonlight LCNS, are that the precise products do not 

require propagation which means they are more accurate. 



   

 

   

 

 

Figure 2 - LANS interoperability demonstration architecture plan. 

 

 

Figure 3 - Mission data acquisition and “truth” data calculation. 

 

3. MISSION PAYLOADS 

 

To fulfill the mission objectives, the following payloads are being considered for the LANS demonstration mission, which are 

further detailed in the subsequent sections (noting that the list of payloads is not confirmed yet): 

• LANS Receiver(s) with internal OCXO 

• GNSS Receiver  

• MiniRAFS 

• Laser Retroreflector (LRR) 

• TT&C System (for DWE tracking and communications) 

 



   

 

   

 

 
Figure 4 - Demonstration lander with the identified payloads. 

3.1. LANS Receivers  

 

Linked to objectives: Obj-1, Obj-2, Obj-3 

 

The demonstration lander will carry at least two LANS receivers (one developed by JAXA and one by ESA) and potentially a 

third receiver developed by NASA. The LANS receivers are used to acquire, track, and decode the AFS broadcasted by the 

various LNSP nodes. Each of the LANS receivers will likely have an internal clock such as an OCXO and will have an interface 

(through a splitter) to an external MiniRAFS (see Section 3.3.1) as shown in Figure 5. This would enable validation of the LANS-

based user clock estimation against the stable MiniRAFS time which can be linked to UTC through time transfer techniques such 

as GNSS and/or two-way time-transfer through the DWE link. 

 

 

 

Figure 5 - Schematic diagram of the receiver architecture. The block between the MiniRAFS and the receivers represents a splitter. 

 

Each LANS receiver would also have an on-board PVT engine that would enable the receiver to evaluate a LANS-based PVT 

solution. Furthermore, each receiver would store the raw data (i.e., PVT, pseudorange, Doppler, etc.) which would be downlinked 

to Earth for further analysis (i.e., SISE validation and signal quality assessment). 

 

 

 

             
        

             
        

        

                                   

        

            

                        



   

 

   

 

3.2. GNSS Receiver  

 

Linked to objectives: Obj-2, Obj-3 

 

The GNSS receiver is not baselined but is an option that could be used to perform time-transfer. When the position of the lander 

is known accurately (through DWE range and Doppler measurements as well as LLR and DDOR), GNSS measurements provide 

direct access to the respective GNSS system time (and thus to UTC through the disseminated or post-processed GNSS to UTC 

timing offsets). Due to the low received power at lunar distances [6], a high-sensitivity receiver will be required. Furthermore, 

either a low-gain or high-gain antenna could be used. The advantage of a low-gain antenna would be the low size, weight, and 

power (SWaP), and the fact that no Antenna Pointing Mechanism (APM) would be required. However, in this configuration, 

only the main lobes could be tracked. Alternatively, a high-gain (e.g., +15 dBi) antenna could be used which would also enable 

tracking of the GNSS signals through the secondary lobes, thus increasing the number of available satellites. However, due to 

the narrow beamwidth, this type of antenna will need an APM to point the antenna in the right direction or rely on sufficient 

lander orientation control during landing. 

 

To avoid the need to equip the lander with another receiver unit, the GNSS functionality could be added to the LANS receiver. 

Each channel would then be generic and could be allocated to both an LNSP or GNSS node. However, as the carrier frequency 

is different between LANS and GNSS (S-band versus L-band), some modifications of the front-end are needed, considering 

either: 

- A dedicated RF front-end for GNSS L-band signals on top of the S-band RF front-end (as shown in Figure 5). 

- A single front-end with dedicated RF paths to accommodate both LANS and GNSS. 

- An additional front-end module which down converts the S-band signals to the L-band. Subsequently, all signals are 

further processed by a dedicated L-band front-end. Given the diversity of the codes (and the fact that LunaNet does not 

use codes currently in use by GNSS systems) signals could be differentiated by their unique PRN codes. 

 

More details on the time-transfer accuracy that can be realized with GNSS can be found in Section 5.3. 

 

3.3. On-Board Clock 

 

As indicated in Section 3.1, each LANS receiver would have an internal OCXO and would, on top of that, have an interface to 

a common MiniRAFS (that is shared among all receivers). Section 3.3.1 provides more detail on the MiniRAFS while Section 

3.3.2 provides some details on the internal OCXO. 

 

3.3.1. MiniRAFS 

 

Linked to objectives: Obj-1, Obj-2, Obj-3, Obj-4 

 

A miniature Rubidium Atomic Frequency Standard (MiniRAFS) is a space-qualified atomic clock developed by Safran 

Navigation & Timing [7] for space applications. The clock is a miniaturized version of the RAFS (Rubidium Atomic Frequency 

Standard) and has a mass of 0.45 kg and a power consumption of 10 to 15 W. 

 

The MiniRAFS can be used to provide a stable timing reference to which the LANS interoperable PVT can be compared. 

Furthermore, it would provide a stable reference frequency for signal quality monitoring. Finally, when operated for enough time 

and when the clock ticks at its proper time, it may contribute to lunar timing experimentation by measuring the relativistic effects 

of a clock ticking on the Moon. This, however, depends on the duration of the mission (i.e., given the stability of the MiniRAFS, 

the relativistic effects are only observed after a certain period) and is part of further investigations. 

 

3.3.2. OCXO 

 

Linked to objectives: Obj-3 

 

A space-grade OCXO could be used as the internal clock for each LANS receiver. In this way, it adds redundancy to the 

MiniRAFS and would also make the receiver more representative of a typical lunar user that would not be equipped with a 

MiniRAFS clock. A representative product is the Iris OCXO developed by Bliley Technologies [8], which has a mass of 16 

grams and a power consumption of 1.5 to 3.0 W. The characteristics of this clock, including some additional assumptions, have 

been used for the GNSS time transfer analysis, resulting in the OCXO clock model given in Table 6.  

 

 



   

 

   

 

3.4. Laser Retroreflector 

 

Linked to objectives: Obj-2, Obj-3, Obj-4 

 

A laser retroreflector (LRR) can be used to reflect photons sent by terrestrial laser ranging stations (such as the Grasse and 

Apache Point stations). In this way, very precise range measurements (at an accuracy of centimeter level [9]) can be obtained. It 

is important that the optical axis of the laser retroreflector (LRR) is pointed to the mean Earth direction. This can be realized 

through an APM (potentially shared with the GNSS antenna) or by ensuring the lander is oriented in the right direction. 

 

3.5. DWE Link 

 

Linked to objectives: Obj-2, Obj-4 

 

An X or K/Ka band (TBC) DWE transponder placed on board of the JAXA lander can be used for TT&C functionality and 

support ranging and two-way time transfer (TBC) functionalities with Earth ground TT&C stations.   

The DWE transponder allows to acquire range and Doppler measurements contributing together with on-board LRR to accurately 

estimate the position of the lander on the lunar surface and can establish a (TBC) two-way measurement session with the visible 

TT&C station determining the time offset between the lander on-board clock and the LNSP System Time, that can be 

continuously observed and monitored.   
The DWE transponder, together with the other instruments on board (LRR, DDOR), enables generating the “truth” position of 

the lander to compare it with what can be achieved through the LANS based PVT solution and to monitor the stability of 

MiniRAFS timing reference to which the LANS interoperable PVT can be compared. 

 
 

4. IMPROVEMENT OF LUNAR REFERENCE FRAMES 

 

There is a possibility that the LANS demonstration mission payloads contribute to the improvement of lunar reference frames. 

The retroreflectors carried to the Moon surface during the Apollo missions and the Luna missions are utilized to realize lunar 

body-fixed reference frames such as Principal Axis (PA) system and Mean Earth (ME) system. The location where the 

retroreflector of this mission will be placed will become a new additional reference point. Therefore, it will contribute to 

improving the precision of reference frame realization and maintenance. 

 

5. PRELIMINARY ANALYSIS 

 

5.1. Lander Reference PVT Accuracy 

 

The “truth” data should be precise enough to be able to fulfill the mission objectives (i.e., validation of LANS-based PVT and 

LNSP node SISE characterization). The position accuracy requirements for the “truth” data are set to 3 meters RMS in each axis 

for the LANS receiver, although the goal is to achieve the one-meter-level accuracy. This level of accuracy is needed to enable 

the SISE evaluation of the LNSP nodes as well as the real-time PVT performance. For the LANS receiver clock, the accuracy 

requirement is set to 2 meters RMS with a goal of achieving the one-meter-level accuracy. As mentioned in Section 2.2, the 

position of the lander on the Moon surface at the lunar South Pole region will be determined by DWE ranging, DDOR, and lunar 

laser ranging (LRR). Then, the accuracy of the LANS receiver clock will be determined by continuously processing the received 

AFSs during the mission given the determined receiver position, or optionally through two-way time-transfer or GNSS time-

transfer.  

 

The following observation schedule and measurements accuracy was assumed for the determination of the lander precise position 

as shown in Table 1. 

 
Table 1 - Observation Availability for the "truth" Position Determination of the Lander. 

Measurement Type Jitter Bias Observation Availability 

Range 1 meter 20 meters Every 60 seconds 

Doppler 0.5 mm/s n/a Every 60 seconds 

DDOR 100 psec n/a Every 720 sec 

LLR 5 cm 5 cm Every 720 – 5400 sec 

 



   

 

   

 

For the  analysis,  it was assumed the use of one Range and Range Rate (RARR) station in Japan, one DDOR station in New 

Zealand  paired with the Japanese  RARR station for the North-South measurements, one DDOR station in Europe paired with 

the Japanese RARR station  for the East-West measurements, and three laser ranging stations in Europe. Under this configuration, 

analysis shows that position accuracy of the LANS receiver can be on the order of 3 meters, provided laser ranging data were 

available: either 9 hours per day from a single station (Grasse) or 2 hours per day from 3 different stations (Grasse, Wettzell, 

Matera). This level of accuracy was assessed while assuming an error of approximately 3 meters on the knowledge of lunar 

ephemerides, by using two different sets of JPL DE ephemerides in the simulation and estimation process.  The three-meter-

level accuracy was observed for the LANS receiver position in each axis in this configuration. It was also found that the laser 

ranging data was necessary to achieve this level of position determination accuracy. The one-meter-level accuracy, however, 

could not be achieved and for better accuracy, it is necessary to reduce any lunar ephemeris and reference frame errors. 

 

 
Figure 6 - 3D lander reference position accuracy. 

 

Figure 6 shows that sub-meter uncertainty in the reference position can be achieved, provided that reference frame errors are not 

taken into account, across four different mission durations. In earlier results, these errors were assumed to be in the order of 3 

meters [10], which was translating almost directly into the lander position error. This means that we have identified the techniques 

and scheduling strategies that allow the target accuracy to be reached, in order to isolate error contributions, but the reference 

frame remains the leading error source. Consequently, even for longer mission durations (up to 10 days), where the techniques 

alone would normally yield improved results, the accuracy is still limited by this bias (which is considered as a conservative 

approach, since the error in the ephemerides can be expected to be reduced to 1 meter in post processing ([10]). In other words, 

once the measurement techniques are optimized, the dominant source of error is no longer the technique itself but the underlying 

reference frame. 

 

5.2. LANS Expected PVT Performance 

 

The current work presents an updated analysis of the work presented previously by joint analysis from the agencies [5]. The 

results presented in this section are derived using a software suite, relying on a framework built around an Extended Kalman 

Filter (EKF). The software enables the processing of LANS measurements to solve for the position, velocity, and time of the 

user. The filter utilizes pseudorange measurements tightly fused with a Digital Elevation Model (DEM) for enhanced accuracy. 

The expectation and dispersion operators, as well as the kinematic propagation model, are presented in previous work [5]. 

 

The measurement model relies on the following assumptions: 

- The noise of the pseudorange observable is modelled based on the thermal noise of a DLL (Delay Lock Loop) as 

modelled in [11]. 

- The SISE of the Moonlight navigation satellite is based on the method presented in [12]. 

- The SISE of the NASA and JAXA satellites is represented following the modelling method presented in [13] with tuned 

parameters to be representative of the expected performance and within the 20-meter (95 %) SISE target. Equation (1) 

presents the First-Order Gauss-Markov Process PSD (Power Spectral Density) model used for generating the SISE 

timeline of the NASA and JAXA systems. 



   

 

   

 

 

𝑆(𝑓) =
2σ𝑏

2/τ𝑏

1/τ𝑏
2 + 4π2𝑓2

 (1) 

 

Here, τ𝑏 is the time constant of the Gauss-Markov process, σ𝑏  is its standard deviation, and 𝑓 is the frequency of the PSD. For 

this simulation, the frequency is assumed to be truncated between 10−6 and 10−2 Hz. Indeed, from [13], higher frequencies are 

not relevant for simulating the SISE performances of a GNSS system. The same assumption is taken for the lunar navigation 

system. As there is no actual data to determine the model parameters, the parameters are derived from analysis performed for 

Galileo and GPS [13] and adapted to the lunar case. Once simulated or real data is available for the JAXA and NASA ODTS 

(Orbit Determination and Time Synchronization) concepts, the model can be updated to fit closer to the operational concept. 

Table 2 provides the parameters to compute the PSD of the Gauss-Markov process and generate the time series of the SISEpos 

for each satellite. These parameters are tuned such that the generated noise from the PSD has a standard deviation matching the 

requirements presented in Table 3. 

 
Table 2 – Simulation Parameters for the ODTS generation process. 

 τ𝑏 σ𝑏  

JAXA LNSP Nodes 
Position 5h 7 m 

Clock 5h 3 m 

NASA LNSP Nodes 
Position 5h 4 m 

Clock 5h 1 m 

 

 

The simulation parameters for each LNSP node are presented in Table 3. The configuration of the user (i.e., user antenna pattern, 

etc.) is similar to the configuration reported in [5]. The user is located at the lunar South Pole at the 88°S, 11.4°E (ICRF). The 

height for the given location is extracted from the LOLA DEM [14]. Furthermore, it is assumed that the user will be equipped 

with a LANS receiver [5] and a MiniRAFS clock. 

 

 

 
Table 3 - Assumptions for the simulation of the LANS satellites. It should be noted that the orbits and EIRP are notional and are only 

applicable for a preliminary performance analysis within the context of this publication. 

 
ESA Moonlight 

LCNS Nav #1 
Japan LNSS Demo NASA LCRNS #1 NASA LCRNS #2 NASA LCRNS #3 

Semi-major axis [km] 9748.14 3870.00 11999.2626 12027.7960 11993.3508 

Eccentricity [-] 0.70 0 0.655 0.641 0.721 

Inclination [deg] 48.04 104.428 32.22 31.33 79.07 

Arg. of perilune [deg] 123.60 90.0 75.96 76.14 68.18 

RAAN [deg] 89.49 53.563 -162.33 -164.02 -42.86 

True anomaly [deg] 90.0 -5.0 -147.49 151.30 -119.79 

Reference frame ICRF ICRF ICRF ICRF ICRF 

Epoch 
2027-01-01 

00:00:00.000 (TDB) 

2027-01-01 

00:00:00.000 (TDB) 

2027-01-01 

00:00:00.000 (TDB) 

2027-01-01 

00:00:00.000 (TDB) 

2027-01-01 

00:00:00.000 (TDB) 

SISEpos 20 m (2σ) 20 m (2σ) 13.43 m (3σ) 13.43 m (3σ) 13.43 m (3σ) 

EIRP at boresight 25 dBW 14 dBW 26.7 dBW 26.7 dBW 26.7 dBW 

 

The simulation of the PVT solution is based on the EKF framework presented in [15]. The simulation results are presented from 

Figure 7 through Figure 10. Figure 7 and Figure 8 respectively present the PVT error with and without using the DEM, while 

Figure 9 and Figure 10 respectively show the Dilution of Precision (DOP) with and without DEM. Due to the low number of 

satellites and the non-exhaustive optimization of the orbits (considering the relative phasing), the DOP is very high when no 

DEM data is used. A high DOP represents an ill-conditioned design matrix, which leads to a high covariance (and error) of the 

filter. To overcome the impact of the poor geometry (reflected by the high DOP), a solution is adopted where the LANS 

observables are complemented by DEM-based height measurements. Comparing Figure 8 (without DEM) to Figure 7 (with 

DEM), a large improvement can be observed. 

 



   

 

   

 

 
Figure 7 - 3D position error with DEM. 

 
Figure 8 - 3D position error without DEM. 

 
Figure 9 - DOP and visibility in the scenario with DEM. 

 
Figure 10 - DOP and visibility in the scenario without DEM. 

 

As shown in Table 4, it can be concluded that the interoperability mission should be able to validate the performances of the 

system with a position accuracy in the order of 4.2 and 13.5 meters (68th percentile) respectively with and without using DEM 

measurements. 

 

A third scenario was considered where the PVT accuracy was determined by assuming the use of a DEM and assuming that the 

SISE for all LNSP nodes would be 20 meters (95th percentile). This scenario would represent the case where each LNSP complies 

with the SISE expected value set within the AFS specification (AD-1 Volume A to LNIS [2]). In this scenario, the SISE is 

assumed to follow a normal distribution with an average value of 10 meters and with a standard deviation of 1 meter. The 

corresponding results are presented in Figure 11 and Table 4. In this case, the results are degraded (as expected) with respect to 

the nominal scenario (where the SISE of the NASA LCRNS nodes is improved). In this case, the PVT algorithm cannot achieve 

a position accuracy better than 10 meters (3σ). 



   

 

   

 

 
Figure 11 - 3D position results for the minimum required SISE scenario. 

 

Complementary to AFS/LANS, LunaNet PNT services can also be provided through point-to-point (P2P) links. In this case, a 

ranging session would be initialized by the LNSP node, while the user node would turn around the signal (either regeneratively 

or non-regeneratively) allowing the LNSP node to derive so-called Two-Way Measurements (TWMs). The three NASA LNSP 

nodes will be equipped with a payload enabling the generation of TWMs to further enhance the position estimation. The general 

framework of the two-way measurements for a lunar constellation is presented in [16]. The main assumptions are presented 

below. Figure 12 shows a schematic view of a TWM. Conceptually, the LNSP node sends a signal to the user terminal which is 

then returned to the satellite that computes the observables. The observables are then forwarded to the user. 

 

 

Figure 12 - Two-Way Measurement (TWM) diagram. 

The TWM is modelled by Equation (2), where 𝑏𝑟 represents the unmodelled receiver hardware biases, while 𝜂 represents the 

ranging error due to the thermal noise observed on the observable. The system contribution to the TWM is captured by the 

𝑇𝑊𝑀 − 𝑆𝐼𝑆𝐸𝑝𝑜𝑠 for the position domain and the 𝑇𝑊𝑀 − 𝑆𝐼𝑆𝐸𝑣𝑒𝑙  for the velocity domain, whose expressions are presented in 

equations (3) and (4) respectively.  

 

𝜌̂𝑇𝑊 = 𝜌𝑇𝑊 + 𝑏𝑟 + 𝜂 (2) 

 

𝑇𝑊𝑀 − SISEpos = √(𝑥 − 𝑥̃)2 + (𝑦 − 𝑦̃)2 + (𝑧 − 𝑧̃)2 + (𝑏𝐻𝑊𝑐)2 + (𝑏𝑡𝑠|𝑣⃗𝑠𝑎𝑡|)2 

 

(3) 



   

 

   

 

𝑇𝑊𝑀 − SISEvel = √(𝑥̇ − 𝑥̃̇)
2

+ (𝑦̇ − 𝑦̇̃)
2

+ (𝑧̇ − 𝑧̇̃)
2

+ (𝑏̇𝐻𝑊𝑐)
2

+ (𝑏𝑡𝑠|𝑎⃗𝑠𝑎𝑡|)2 
(4) 

 

Here, 𝑥, 𝑦, 𝑧 represent the true position of the satellites on the three axes of the used frame, while the tilde notation denotes the 

estimated satellite position as provided to the user. The dotted variables (e.g., 𝑥̇) represent the velocity component for each axis. 

For the simulation of those quantities (e.g., 𝑇𝑊𝑀 − 𝑆𝐼𝑆𝐸𝑝𝑜𝑠), the same approach as for the one-way simulation is used as the 

same satellite has both the one-way and two-way measurement capability (except that the clock contribution is not modelled).  

Finally, 𝑏𝐻𝑊 represents the calibration residual error of the LNSP node. A typical value used is 5 ns. 𝑏𝑡𝑠 represents the 

timestamping bias of the satellite payload. A typical value used is 2 ns (which when multiplied with the satellite velocity 

represents a negligible quantity but is still included in the modelling used for the simulation).  

 

Assuming the TWMs are generated by the communication payload of the LNSP node (and thus require a P2P link), it is not 

possible to have continuous access to these measurements as the available bandwidth needs to be balanced among various users 

and the data relay capability. For this reason, within this study it is assumed that only 12 minutes of TWM are available per hour. 

Regarding the specific schedule, two scenarios were assessed. The first scenario considers that the three satellites can perform 

the TWM session with the user simultaneously (which implies a very complex user terminal and is unlikely). The second scenario 

considers that none of the sessions from the three satellites overlap. The results are presented in Figure 13 and Figure 14 for the 

synchronized (i.e., sequential) and simultaneous (i.e., parallel) approach respectively, while the resulting DOP and visibility for 

the synchronized mode is shown in Figure 15. In these simulations, the altitude estimation by using a DEM is always considered 

in the filter. In these figures, TWM unavailability is marked by a vertical red line. For readability reasons, only half a day of 

results are plotted. However, a full day simulation was conducted with similar performances during both parts of the day. 

 

 
Figure 13 - 3D position results for the synchronized TWM 

schedule. 

 
Figure 14 - 3D position results for the simultaneous TWM schedule. 

 



   

 

   

 

 
Figure 15 - DOP and visibility for the synchronized TWM schedule. 

 

From this simulation, it is possible to conclude that the TWMs provide a benefit by slightly improving the position of the user. 

This is clearly shown in Figure 13. When the two-way measurements are available, the DOP value drops. From Table 4, the 

improvement can be noticed as well. However, as the LANS based PVT already provides good performance, the additional 

improvement realized by TWM is small. Additionally, both scheduling methods provide similar performances.  It should be 

noted that the statistics in Table 4 cover the full analysis period and are not representative of the achievable instantaneous 

performance (due to large DOP variations and satellites visibility etc. across the period). 

 
Table 4 - Results of the PVT analysis assuming a MiniRAFS. 

 Mean 3D position error [m] 68th percentile 3D position error [m] 

LANS 13.24 13.49 

LANS + DEM 4.31 4.21 

LANS + DEM (degraded SISE) 18.53 19.64 

LANS + TWM simultaneous 3.70 3.67 

LANS + TWM synchronized 3.62 3.63 

 

5.3. GNSS Time Transfer  

 

As shown in [6], using GNSS for PVT at lunar altitudes is challenging due to the high DOP as the GNSS satellites appear from 

a small angular region as seen by the lunar user. However, when the location of the demonstration lander is well known through 

other tracking techniques (DWE, DDOR, and laser ranging), GNSS can be used for time transfer, which could be a method to 

benchmark the LANS timing solution. Section 5.3.1 will further detail the assumptions for the GNSS time transfer analysis, 

while Section 5.3.2 provides some initial simulated performances of GNSS time transfer.  

 

5.3.1. GNSS Time Transfer Model 

 

For the purpose of this analysis, the demonstration lander is assumed to be equipped with a high-sensitivity GNSS receiver with 

an acquisition and tracking threshold of 18 dB-Hz. Two types of GNSS antenna configurations have been considered in this 

analysis. The first type consists of a directional high-gain antenna (HGA) with a boresight gain of 16 dBi, which is mounted on 

an antenna pointing mechanism (APM) that tracks the mean Earth direction. The second configuration considers the use of a 

low-gain antenna (LGA) which is assumed to have a gain of 5 dBi instead. The GNSS receiver configuration is shown in Table 

5.  

 

 

 



   

 

   

 

Table 5 - GNSS receiver configuration for the demonstration lander. 

Parameter Value/Configuration 

Demonstration Mission Location 90 degrees South / 0 degrees East 

Signals Used E5a+L5 

Observables Pseudorange 

Receiver Boresight Gain High Gain: 16 dBi 

Low Gain: 5 dBi 

Receiver Equivalent Noise Temperature High Gain: 317 K 

Low Gain: 227 K 

DLL Coherent Integration Time 20 ms 

DLL Loop Bandwidth 0.1 Hz 

Early-Late Spacing 1 chip 

 

In this analysis, E5a/L5 signals are selected over E1/L1 signals due to their larger bandwidth and thus lower DLL tracking jitter. 

Furthermore, the Galileo-GPS timing offset (GGTO) must be taken into account since observations from both constellations are 

used. Here, it is assumed that the GGTO can be used as a correction to align the two timescales. The demonstration lander is 

situated at the South Pole for this analysis; however, any location on the near side of the Moon could be selected, which is not 

expected to have a significant impact on the time transfer results. In fact, the higher the latitude, the longer the period of (near) 

continuous GNSS visibility over the duration of a full month, which can be related to the lunar librations, as will be discussed in 

the following section.  

 

The following receiver characteristics are set based on internal studies. For the high-gain configuration, the receiver equivalent 

noise temperature is set to 317 K assuming an antenna noise temperature of 187 K, an LNA with a gain of 29.5 dB and a noise 

figure of 1.4 [11]. For the low-gain configuration, a receiver equivalent noise temperature of 227 K was considered, with an 

antenna noise temperature of 34 K, and an LNA gain of 25.0 dB and noise figure of 0.35. The DLL loop filter parameters are 

also shown in Table 5. Within this study, both the OCXO and MiniRAFS clocks are considered. Their respective behavior was 

modelled using the Allan deviations that are shown for each clock in Table 6. 

 
Table 6 - Allan Deviation for OCXO and MiniRAFS. 

Averaging time OCXO MiniRAFS 

𝜏 = 1 s 8.5e-11 2e-11 

𝜏 = 10 s 8e-11 5e-12 

𝜏 = 100 s 8e-11 2e-12 

𝜏 = 1,000 s 1e-10 8e-13 

𝜏 = 10,000 s 6e-10 6e-13 

𝜏 = 100,000 s 6e-09 8e-13 

 

The configuration of the GNSS simulation is shown in Table 7. The Galileo constellation is constructed based on the almanac 

parameters obtained on 2025-04-11, and the YUMA almanac published for Week 311 (in 2025) is used for GPS. The analysis is 

conducted for a 7-day period from 10 June 2026 to 17 June 2026. Since this period is in the future at the time of writing, GNSS 

satellite orbit and clock errors have been simulated according to the method described in Section 5.2, with the same settings 

provided in [13]. Furthermore, the location of the lander is assumed to be known perfectly, which is an optimistic assumption 

that needs to be refined in future work. 

 
Table 7 - GNSS simulation configuration. 

Parameter Value/Configuration 

Simulation Period 10-17 June 2026 (7 days) 

Galileo Constellation Almanac 2025-04-11 (27 satellites) [17] 

GPS Constellation YUMA Almanac Week 311 (2025) (31 satellites) [18] 

SISE (position and velocity) Modelled as First-Order Gauss-Markov process [13] 

Lander position error 0 meter 

Error Modelling DLL thermal noise 



   

 

   

 

 

The synthetic pseudorange measurements for each constellation 𝑆 are generated according to the model shown in Equation (5). 

This includes the simulated “true” geometric range (accounting for light time delay) between the GNSS satellite (position denoted 

by 𝑥̃𝑠𝑎𝑡) and demonstration lander (position denoted by 𝑥̃𝑟𝑥) in meters with ||∙|| denoting the operator for the Euclidean norm, 

the receiver clock offset (Δ𝑡𝑟𝑥), the satellite clock offset (Δ𝑡𝑠𝑎𝑡), and the GGTO-correction error (𝜀𝐺𝐺𝑇𝑂) in seconds, and the DLL 

thermal noise (𝜂𝐷𝐿𝐿) in meters. The thermal noise is modelled as a normally distributed variable with zero-mean and a standard 

deviation 𝜎𝐷𝐿𝐿. 𝜎𝐷𝐿𝐿 is calculated as a function of the received 𝐶/𝑁0 and receiver configuration (as specified in Table 5), as 

shown in [15] and based on [11]. Furthermore, Galileo System Time (GST) is selected as the reference timescale for this analysis. 

As mentioned, it is assumed that the GPS measurements can be aligned to GST by using the GGTO correction. This correction 

would have a certain error, which is modelled here as a normally distributed variable with zero mean and a standard deviation 

𝜎𝐺𝐺𝑇𝑂 of 2.0 ns. Accordingly, as shown on the right side of Equation (5), this GGTO-correction error is only applied to the GPS 

measurements. Lastly, the term 𝑐 represents the speed of light in m/s. 

 

 𝜌𝑆 = || 𝑥̃𝑠𝑎𝑡 − 𝑥̃𝑟𝑥  || + 𝑐 (Δ𝑡𝑟𝑥 − Δ𝑡𝑠𝑎𝑡 + 𝜀𝐺𝐺𝑇𝑂) + 𝜂𝐷𝐿𝐿 where 𝜀𝐺𝐺𝑇𝑂 = {
 0, 𝑆 = 𝐺𝐴𝐿

𝒩~(0, 𝜎GGTO
2 ), 𝑆 = 𝐺𝑃𝑆

 
 

(5) 

 

The following additional assumptions have been considered in this analysis. Firstly, as the Moon only has an exosphere, errors 

due to atmospheric effects are neglected. Additionally, a grazing altitude of 1000 km above the Earth surface has been considered, 

meaning that measurements coming from GNSS satellites passing below this altitude as seen from the perspective of the lunar 

lander have also been discarded to further allow for neglecting the atmospheric effects. Furthermore, additional errors due to 

group delays and multipath effects have not yet been considered in this work.  

 

The estimation of the receiver clock offset to the reference timescale (Galileo System Time) can be described as follows. As 

shown in Equation (6), the offset between the receiver clock and Galileo System Time (Δ𝑡𝑟𝑥) can be expressed as a function of 

the observed pseudorange (𝜌𝑆), and the values of the satellite position (𝑥̂𝑠𝑎𝑡), the lander position (𝑥̂𝑟𝑥), and the satellite clock 

offset (Δ𝑡𝑠𝑎𝑡) as known to the user. 

 

 𝛥𝑡𝑟𝑥 = 𝑡𝑟𝑥 − 𝑡𝑟𝑒𝑓 =
1

𝑐
[ 𝜌𝑆 − || 𝑥̂𝑠𝑎𝑡 − 𝑥̂𝑟𝑥 || ] + Δ𝑡𝑠𝑎𝑡  (6) 

 

In practice, this analysis was conducted using the same tool as in Section 5.2, but employing a Weighted Least Squares 

implementation instead. The Least Squares problem to be solved can be formulated as: 

 

 𝒚 = 𝐻𝒙 + 𝝐   (7) 

 

Here, 𝒚 is the 𝑚-size vector of observed minus computed pseudorange observations for 𝑚 satellites at a given epoch and 𝝐 is the 

𝑚-size vector of corresponding residual errors. Since the receiver clock offset is the only unknown, the state vector 𝒙 to be 

estimated consists of one parameter: 𝒙 = [𝛥𝑡𝑟𝑥]. As this parameter is already linearly related to the observation equation, the 

Least Squares method can readily be performed, with the design matrix formulated as: 𝐻 = 𝑐 𝟏𝑚×1. Accordingly, the estimated 

receiver clock offset is found from the Weighted Least Square (WLS) solution as shown in Equation (8). The weights in the 

weight matrix 𝑊 are calculated as the inverse of the measurement covariance matrix, as defined in [15]. Here, the covariance 

for each measurement consists of the sum of the variance of the thermal noise (𝜎𝐷𝐿𝐿
2 ), and the satellite position and clock 

uncertainties computed as the variance of their respective first-order Gauss-Markov processes.  

 

 𝒙 =  ∆𝑡̂𝑟𝑥 = (𝐻⊤𝑊𝐻)−1 𝐻⊤𝑊 𝒚   (8) 

 

In this analysis, this WLS estimation was performed at epochs spaced by 30 seconds, for each epoch with a sufficient number of 

measurements (which in this case is only one, given the single unknown parameter). In an effort to further improve the error of 

the estimated receiver clock offset, a smoothing method similar to the Common GNSS Generic Time Transfer Standard 

(CGGTTS) [19] is employed. Every 16 minutes, a batch of 26 estimates (from the WLS solutions performed every 30 seconds) 

are gathered to perform a linear fit. These 26 estimates correspond to the first 13 minutes of the 16-minute window, while the 

remaining 3 minutes are neglected, which is done in line with the CGGTTS. The linear fit is then performed for the center epoch 

of the 13 minutes.  

 

 

 

 



   

 

   

 

5.3.2. GNSS Time Transfer Performance 

 

At and near the lunar South Pole, the visibility of the GNSS constellations has an approximately monthly cycle due to the lunar 

librations, which cause the Earth to disappear below the local horizon for 1 to 2 weeks at a time. Figure 16 and Figure 17 show 

the visibility for the Galileo and GPS constellations respectively over the month of June 2026 as seen by the demonstration 

lander using the previously described high-gain configuration. Here, it can be seen that the GNSS visibility starts with a period 

of zero satellites in view, which increases as the Earth rises above the horizon, and then later in the month decreases again once 

the Earth sets below the horizon. For this analysis, the 7-day period of 10 to 17 June 2026 was chosen, since the Earth is 

continuously fully above the horizon and in view of the demonstration lander. It can also be noted that the elevation angle of the 

Earth and the GNSS satellites remains quite low for the entire visibility period, namely around 10-12 degrees at most. This 

indicates that multipath could potentially have a noticeable impact on the GNSS performance, though this effect has not yet been 

considered in this work.  

 

 

 

Figure 16 - 𝐶/𝑁0 and visibility of Galileo satellites tracked by the 

demonstration lander. 

 

Figure 17 - 𝐶/𝑁0 and visibility of GPS satellites tracked by the 

demonstration lander. 

 

Figure 16 and Figure 17 also show the carrier-to-noise density ratio (𝐶/𝑁0) for the Galileo and GPS satellites respectively, where 

each color represents the individual orbital planes within the constellations. Here, it can be noticed that the magnitude of the 

𝐶/𝑁0 is varying over the period for each of the planes. This is related to whether the GNSS satellites are tracked through their 

main or secondary lobes, which in turn depends on the relative orientation of each plane with respect to the lunar user. This 

relative orientation is also changing in time as the Moon travels along its orbit around the Earth, which can for example be seen 

in Figure 18 and Figure 19.  

Since the transmitters on the GNSS satellites are oriented towards the center of the Earth, the main lobes are mainly observed 

when the orbital plane is more in line with the Moon-Earth direction and the GNSS satellites pass “behind” the Earth, such as 

the blue orbit in Figure 18. When the orbital plane moves more towards being perpendicular to the Moon-Earth direction, the 

GNSS satellites are tracked through their side lobes instead. This is possible until the plane is almost fully perpendicular and the 

secondary lobes can no longer be tracked either, such as the blue orbit in Figure 19. This leads to periods of no visibility for 

certain planes, until they start rotating to be more in line with the Moon-Earth direction again. This can affect the overall visibility, 

such as around June 12-13 for Galileo, where the total number of satellites in view is lower since it is mainly tracking satellites 

from the blue plane and less so from the other two planes. GPS seems to have a more balanced visibility since it has six orbital 

planes in total. It should also be noted that these simulations are based on a GPS almanac from March 25th, 2025, where not all 

GPS satellites were transmitting on L5 as yet, namely only 18 out of the 31 GPS satellites as of that date. 



   

 

   

 

 

 

Figure 18 - Orientation of Galileo orbital planes  

as viewed from the lunar South Pole on 12 June 2026. 

 

Figure 19 - Orientation of Galileo orbital planes  

as viewed from the lunar South Pole on 17 June 2026. 

 

The GNSS time transfer results using the high-gain configuration are presented first, where the corresponding GNSS visibility 

for the considered 7-day period is shown in Figure 20, with an average number of total GNSS satellites in view of 8.3 for this 

period. Figure 21 shows the clock error results for the MiniRAFS, where this error is computed as the difference between the 

estimated receiver clock offset and the simulated “true” receiver clock offset. Here, the clock error of the instantaneous solution 

obtained every 30 seconds is shown in blue and the clock error of the 16-minute linear-fit batches is shown in orange. The 

standard deviation of error of the 30-second solution is 0.86 ns, while for the 16-minute solution this is suppressed to 0.28 ns. 

The corresponding overlapping Allan deviations of the estimated receiver clock offsets are shown in Figure 22, along with the 

Allan deviation of the true clock shown in green. At shorter averaging times, the 30-second solution has a higher Allan deviation 

than the true clock, indicating that GNSS time transfer may be less suitable to “validate” the true clock offset of a MiniRAFS on 

the Moon in real time. This is improved by the 16-minute linear fit, which seems to attenuate not only the noise of the GNSS 

observations, but also the noise of the clock itself. However, due to the lower sampling rate, this solution cannot be used to assess 

the very short-term stabilities. In the longer averaging times, both estimated solutions seem to “catch up” to the true noise floor 

of the MiniRAFS clock. 

 

 
Figure 20 - GNSS visibility of the demonstration lander with the high-gain configuration. 



   

 

   

 

 
Figure 21 - Estimated receiver clock offset error when using a 

MiniRAFS and the high-gain configuration. 

 
Figure 22 - Estimated and true MiniRAFS overlapping Allan 

deviation when using the high-gain configuration. 

 

The results for the receiver clock estimation using the high-gain configuration for an OCXO onboard the demonstration lander 

are shown in Figure 23. Here, only the 30-second estimation is presented, as the 16-minute linear fit method was not found to be 

suitable for capturing the true OCXO behavior. The standard deviation of 0.86 ns is similar to that of the 30-second solution of 

the MiniRAFS, though the mean is an order of magnitude higher. In turn, the overlapping Allan deviation for the estimated 

receiver clock offset of the OCXO is quite close to that of the true clock at all averaging times, as shown in Figure 24. 

 

 

 
Figure 23 - Estimated receiver clock offset error when using an OCXO 

and the high-gain configuration. 

 
Figure 24 - Estimated and true OCXO overlapping Allan 

deviation when using the high-gain configuration 

 

Next, the results for the receiver clock offset estimation using the low-gain configuration described in the previous section will 

be presented. In this configuration, the receiver antenna gain is lower, which results in a lower number of GNSS satellites that 

are tracked by the receiver as compared to the previously shown high-gain configuration, as shown in Figure 25. Here, the 

average number of total GNSS satellites in view is only 2.5 over the considered 7-day period. Furthermore, the high-gain 

configuration had 100% GNSS satellite visibility, which in this case means that at least 1 GNSS satellite is in view at all times. 

Meanwhile, with this low-gain configuration, there are intermittent periods where no GNSS satellites are tracked, in this case 

resulting in about 93% availability over the 7-day period. In practice, one could linearly interpolate the receiver clock estimate 

during these gaps, though this is not considered in this work. Lastly, using the low-gain configuration would also provide a lower 

𝐶/𝑁0 as compared to the high-gain configuration, resulting in not only fewer, but also noisier measurements. 



   

 

   

 

 
Figure 25 - GNSS visibility of the demonstration lander with the low-gain configuration. 

The errors for the receiver clock offset estimation when using the low-gain configuration are presented in Figure 26 and Figure 

27 for the MiniRAFS and the OCXO respectively. The standard deviation of the 30-second solution is around 2.3 ns for both of 

the clocks. This is a higher error than for the high-gain result, which is as expected due to the lower number of satellites, though 

it is still in the order of nanoseconds. For the MiniRAFS, the result for the 16-minute linear fit is also included, achieving a 

standard deviation of around 0.5 ns. However, the availability of this solution is slightly lower at 86%, since the 16-minute 

windows with any gaps in the 30-second solution were not considered.  

 

 

 
Figure 26 - Estimated receiver clock offset error when using a 

MiniRAFS and the low-gain configuration. 

 
Figure 27 - Estimated receiver clock offset error when using an 

OCXO and the low-gain configuration. 

 

The reader is reminded that this analysis represents an optimistic result, as the following potentially significant errors have not 

been considered as yet. This includes the achievable lander position accuracy, which has been discussed in Section 5.1. 

Furthermore, there can also be a difference in group delays, this depends on which frequencies will ultimately be used for the 

GNSS time transfer and if these are different than the reference signals of the satellite clock products that will be used. Lastly, 

the effects of multipath are not well known as yet for lunar surface users and could potentially have a significant impact for lunar 

South Pole users considering the low elevation angles of the GNSS satellites in view. 

 



   

 

   

 

6. CONCLUSIONS 

 

The LANS demonstration mission in 2029 is an excellent opportunity to exercise the LunaNet standards, systems, and user 

equipment in the operational lunar environment. ESA, NASA and JAXA all expect to have the first nodes in place for the 

demonstration mission allowing multi-lateral cross-validation approaches. This paper presents the current status of the LANS 

demonstration mission, including updates on potential payload configurations. We simulated the LANS-derived position, 

velocity, and timing (PVT) performance during the demonstration mission timeframe, incorporating one ESA LCNS node, three 

NASA LCRNS nodes, and one Japanese LNSS node. To overcome the limitation of high DOP (due to the constellations not 

being fully complete, as well as the relative phasing that was not optimized), digital elevation measurements (from LOLA maps) 

are used to vertically constrain the user position. The initial simulations show that a static user on the lunar South Pole could 

achieve below 10m positioning accuracy with the expected 5-satellite LANS constellation and with the DEM measurements 

further increasing the performance. In addition, initial analysis has shown that a reference position may be computed in post-

processing at less than 1m uncertainty (increasing to ~1m when considering reference frame errors) and a reference user clock 

may be estimated to a few ns using GNSS time transfer. Future work will focus on refining these time transfer results by 

accounting for position knowledge errors, LANS to GNSS time calibration errors, and multipath effects. 
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