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Abstract

:

Precise drilling and excavation in future Lunar mining sites as well as in building habitats areas will be supported by robotized instrumentation. To ensure accurate positioning of facilities or structures, customized surveying instruments will be used to perform measurements needed for calculating locations of surveyed objects. Precise positioning in unexplored areas is difficult, even on the Earth, with all available support. This issue becomes even more complex on the Moon’s surface, considering environmental conditions and the absence of Earth logistics. This paper solves a problem of centimeter-precision positioning on the Moon’s surface. The solution is called Lunar Regional Navigation Transceiver System (LRNTS). It is based on a network of transceiver facilities, holding onboard both navigation transmitters and receivers. Transmitting modules of LRNTS act in the same way as the Global Navigation Satellite Systems (GNSS) space segment, sending navigation messages to the receivers. Receiving modules are needed for self-calibration of LRNTS to calculate their coordinates. In this paper, 12 different LRNTS-simulated configuration setups within Shackleton Crater are tested against positioning accuracy and visibility along the crater. The results show that LRNTS of nine transceivers can achieve sub-centimeter horizontal and better than 2 cm vertical accuracy, with consistent visibility of six and more transceivers throughout the Shackleton Crater.
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1. Introduction


The drastic demand for natural resources has increased drastically in the last century. The reason for this is the large increase in population and rapid progress of green and nano technologies. Population growth also causes a much greater need for energy, food, and natural resources that disappear over time and are not renewed.



By switching to sustainable sources such as solar, wind, geothermal, and hydropower, urbanization and urban expansion can provide a light economic profit. However, due to the accelerated consumption of energy sources, climate change will be significantly highlighted, and thus we automatically reach unsustainability. Not long after, the amount of non-renewable natural energy sources, such as rare-earth elements (REE), precious and platinum group metals, and phosphorus and potassium, including fossil sources, will quickly be depleted with the increase in urbanization.



The political situation is also not on the positive side of the entire issue. The existing terrestrial resources, which are not evenly distributed throughout the planet, are treated locally, not globally, which is against the establishment of World Trade Organization (WHO) regulations [1].



Due to the possession and use of rare natural resources, the countries of the Middle and Far East such as China, Russia, India, Saudi Arabia, etc., are advancing much faster economically compared to the United States and Europe. They own these resources and run the global economic market. There is also an awareness among the countries that their “precious and globally rare” energy sources will come to an end very soon. One of the reasons why they are also in the game is to find new sources that are beyond the borders of our planet. Investing in the research and exploration of new destinations in our solar system, where new energy sources will be exploited, represents a new era of competition between economically strong countries. This time, many more of them are in the race compared to the Cold War period when the Russians and the Americans were the only rivals.



In our solar system, there are three potential destinations where space resources can be pursued. The first targeted destination will be the Moon, where excavation technologies will be tested, followed by asteroid mining, and finally the planet Mars [2,3,4]. This paper is focused on the Lunar exploration scenario.



Nowadays, the Moon is experiencing newfound interest four decades after the termination of the Apollo program, with an objective to become a transfer station for exploration and settling outer space soon. It is the best test bed for In Situ Resource Utilization (ISRU) and application of new technologies in the production of consumable products such as water, propellant, and construction materials for the establishment of the first human life experiences on the Moon [5]. In the exploitation of Lunar resources and the settlement race, there are many programs currently ongoing, such as ARTEMIS, with worldwide partners involved. These include the ILRS (International Lunar Research Station) as a joint program between Russian Roscosmos and the Chinese CNSA national space agencies, together with the Chinese Chang’e program, and last but not least the Chandrayaan Program from the Indian Space Research Organization (ISRO) [2,6,7,8,9,10]. Different from the past, there are many other private companies interested in exploring the Moon and they do not necessarily come from the space sector. One of them is Rio Tinto, who plans to expand their currently used autonomous mining technology, such as automation, digitization, and advanced data analytics, in planetary mining [11,12]. For all of them, the main objectives are to find the best solution on how to excavate and use in situ Lunar resources to sustain life and work on the Moon for a long period of time.



The experience and importance gained in mining on Earth, in terms of technique, excavation methods, treatment, etc., will be transferred to the new circles of Lunar mining, with modifications according to the Lunar environmental conditions as well. Navigation and positioning, which play important roles in mining today, will also have a special importance in the connection between external and in-mine control networks [13].



In line with that, a Lunar navigation system is one of the requirements which must be taken seriously into account when missions coming from different programs occur together and when the construction of the habitats, launching pads, and the extractions from potential Lunar mining sites start. Various needs for a high-precision positioning and navigation system will arise in mining and civil engineering fields, such as to precisely calculate the quantity of extracted ore, to build infrastructure, and to superpose objects (e.g., on top of each other or nearby).



The problem of Lunar navigation is treated mostly in projects and papers investigating landing on the Moon’s surface and the navigation of robotized Lunar vehicles in limited areas. Accuracy demands for those applications are far from the mm or even cm level, but rather close to a few hundred meters [14]. Nevertheless, the suggested methodologies can be considered as a good starting point for designing the Lunar navigation network. Most of the suggested approaches apply and improve navigating concepts already known on the Earth, namely, inertial systems or navigating by image processing. None of those technologies can be applied as-is on the Lunar surface because of special instrumentation requirements and specific environmental conditions. The huge difference between the Earth and the Moon, in the sense of gravity, atmosphere, temperature, humidity, etc., makes replication of classical Earth-related surveying methodologies very hard to implement on the Moon. This paper elaborates on the methodology of achieving cm-level accurate positioning in real time on the Moon, which is validated by presented numerical results.




2. Materials and Methods


2.1. Overview of Previous Research


Prior to further establishment of long-time robotic and human missions on the Moon, a consistent system for precise landing, navigation, and positioning is needed to accommodate continuous and safe work. At present, the navigation of objects located on the Lunar surface is controlled by Earth-based deep space network antennas [15]. Current investigation on navigation methodologies is based on technologies and working principles related to imaging, celestial (“star sensors”), inertial, and GNSS-like systems. They are introduced in following paragraphs.



There are several propositions based on imaging concepts using a camera as a navigating tool. Vision-based navigation is a technique suggested by major space agencies, aiming to achieve 200 m accurate autonomous landing [16]. So called pin-point Lunar landing uses an optical navigation system based on tracking features on the images by measuring an angular rate and a velocity vector of the spacecraft. Another possibility is to identify those features using a geo-referenced database to determine the position of the spacecraft. Using this technique, the position and velocity estimation accuracy of a spacecraft reaches approximately 10 m at 0.05 m/s. It was noticed that illumination conditions represent main issues for this optical Lunar navigation system [16].



For path planning and rover control, the successor of Yutu-1, Chang’e-4 Yutu-2 rover, used an upgraded version of an autonomous navigation system called visual Simultaneous Localization and Mapping (SLAM), which is based on tracking rover moves detected as a part of an image by a photogrammetric computer [17].



ESA, as a collaborative member on the Luna-27 mission, is developing the PILOT system as a main navigation system for the landers. The system compares the images of terrain landmarks taken by a camera and landmarks pre-stored in a database on the spacecraft to perform optical recognition of the crater’s landmarks for soft landing [18].



In the absence of satellite navigation systems, another navigation approach is possible, using star sensors supported by inclinometers. The Strapdown Inertial Navigation System (SINS) is a method based on a combination of two operational steps, approximate and fine navigation. The coarse positioning is used for initial alignment providing a real-time solution where all navigation errors were calculated and compensated in real time by SINS. Error corrections in SINS are done by the star sensors. Results from simulation have shown that this method can achieve high precision for rovers’ autonomous navigation [19,20].



For autonomous navigation, using only inertial navigation is not efficient due to growth of imperfections of inertial sensors which can provide relatively precise autonomy only for very short time. For that reason, a combination of inertial navigation with celestial navigation was suggested in [19,20].



The simulation presented in [19,21] applied the SINS method for the autonomous navigation of the rovers. In this model, starlight imaging was used, where the star sensor determines the altitude of the vehicle. The tilt angle between the horizontal plane and a vehicle is measured by a dual-axis inclinometer. Apart from the star sensor and inclinometer, attention was also paid to the utilization of precise clocks to provide real-time data and to synchronize data between two sub-segments of the compound navigation system. Misalignment of the star sensor and inclinometer can cause a significant positioning error. To avoid this systematic influence, the QUaternion ESTimator (QUEST) calibration method is introduced. This model can provide continuous measurements for only a few minutes, providing autonomous positioning accuracy from 20 m to 70 m in distance.



To support robotic missions, a constellation of the small satellites is considered as a technology that could resolve the navigation issue. It was suggested that the satellites might be placed into halo orbits in Earth–Moon libration points or LaGrange points [22,23].



An extension of the GLONASS navigation system is proposed in [24] to modify the satellites using additional narrow-beam antennas directed to the Moon. It would be implemented in the form of a constellation of six navigation satellites located in near-circular orbits at ~100,000 km height in two perpendicular planes with an inclination of 90°. Standard Satellite Navigation Equipment (SNE), a transmitter/receiver, and modified software for Moon usage would be integrated onboard a Lunar orbiting spacecraft and objects based on the Lunar surface. Simulation of this conceptual design has shown that position and velocity of the spacecraft can reach 15 m (1σ) in position and 0.02 m/s in velocity. For the objects based on the Lunar surface, it was highlighted that instantaneous navigation solutions can be provided only if the geodetic map with high precision is memorized in the SNE. Under this condition, if the objects are in the visible Lunar disk, the navigation accuracy is 10 m (1σ). While objects move away from the center, the accuracy degrades (e.g., for 60° deviations from the disk, errors can reach 20 m to 100 m). It was concluded that the proposed method cannot be used for navigating the objects on the far side of the Moon [24].



Yet another example is a GPS-based local area positioning system developed by the Aerospace Robotics Laboratory (ARL) at Stanford University for the planet Mars. The ground-located pseudosatellites replace the space-located satellite constellation with the goal of providing similar performance to GNSS on the Earth. Enabling localization is directed by a Self-Calibrating Pseudolite Array (SCPA). A network of transceivers is a way to expand the coverage of the system. The mathematical model of positioning the transceivers, which will both transmit and receive GNSS-like signals, used SCPA [25]. Field tests were performed using a prototype of NASA Aims K-9 Mars rover achieving code- and carrier-level positioning less than 3.7 m and 8.8 cm, respectively [26,27].



In the case of open-pit mining, ARL at Stanford University developed a guidance system for transport and operational vehicles based on pseudo-assisted Carrier-Phase Differential GPS. With this system, a narrow angle of open sky above the pit and a small number of visible satellites will be mitigated by six or eight pseudolites placed around the rim. This system will augment the existing GPS constellation and ensure the availability of navigation anywhere inside the pit [27,28].



NASA envisaged the Artemis program to develop a special receiver which will be able to receive signals from the Global Positioning System (GPS). This receiver is based on the same working principles as receivers used for high-altitude navigation in Magnetospheric Multiscale mission (MMS) and Geostationary Operational Environmental Satellites (GOES) in combination with the GPS processing power of NavCube receivers [29].



To this day, there is no satellite navigation system which will help spacecraft to be navigated autonomously to the Moon. This is only supported by constant controlling from the Earth, which will be extremely complicated when multiple missions are shuttling and maneuvering backwards and forwards.



Dozens of missions to the Moon are planned and some of them already started, with initial executions such as NASA’s Artemis 1 and ispace’s HAKUTO-R Missions 1 [30,31].



Experiences gained via the Artemis 1 mission, where the capabilities of the Orion’s systems were tested, showed that loss of communication with spacecraft can happen easily at the moment when the vehicle is located behind the Moon. Moving through space, the Earth is the only point of reference when a returning ping signal will provide the position of the spacecraft. If there is an obstacle between them, there will be plenty of blind spots and high risk of a complete loss of communication. To solve this problem, there is need for triangulation from an autonomous navigation system. NASA and ESA are working on the development of the Lunar navigation network, which will be the main system helping all upcoming Lunar missions [32].



The Moonlight Initiative ESA’s program includes a series of missions which will maintain sustainable Lunar exploration. A part of the mission is the establishment of a navigation constellation of three to four Lunar Pathfinder satellites orbiting the Moon in Elliptical Lunar Frozen Orbit (ELFO), mainly covering the Lunar South Pole [18]. Launch is planned for a period between 2025 and 2026. The mission objective is to demonstrate high-bandwidth communication and navigation capabilities for the future Lunar missions. The Lunar Pathfinder will also support the Lunar Polar Sample Return mission, which aims to retrieve samples from the Moon’s South Pole region. A mission developed by ESA and the satellites built by Surrey Satellite Technology LTD (SSTL) will have a NaviMoon receiver onboard [4]. The receiver’s capacity will be to harness the navigation signals (strong and weak as well) from the terrestrial navigation systems (GPS and Galileo), determining the Pathfinder position with approximately 60 m accuracy. The Lunar lander Argonaut, as a part of the Moonlight Initiative mission together with the Pathfinder satellites, will help the rovers in positioning on the Lunar surface [32].



The Lunar GNSS Receiver Experiment (LuGRE) is developed in partnership between NASA and the Italian Space Agency (ASI) based on laser retroreflector technology. Mirrors on the Pathfinder’s array will aim to enhance Lunar navigation and to validate operational capabilities, which will also be critical for Artemis and the future missions [33].



The review of many proposals, simulation models, and feedback from landers’ and rovers’ experiences can be summarized in a general conclusion that all of them are based on autonomous navigation without the possibility to connect and to collaborate under the same system. The model proposed in this paper is based on pseudolite transceiver field tests introduced by ARL from Stanford University and applied for open-pit mining and for a Mars navigation system. With a similar Moon scenario in the Shackleton Crater, our stand-alone navigation system will serve all users from the same Lunar region. In the next stage of development, when the Pathfinder constellation from the Moonlight Initiative program is operational, it will be used for referencing all local coordinates obtained by the system elaborated in this article to the Lunar reference system.




2.2. Study Area


Several environmental and technical factors influence the choice of navigation methodology: temperature, illumination, communication with Earth, and Lunar topography. The Moon’s position in the solar system and its relationship with the Earth and the Sun open an important topic on the selection of regions for future settlement. Therefore, the area around the South Pole is the most attractive location for Lunar exploitation [34]. The orientation of the Moon’s rotation axis, which is tilted 1.5° from the ecliptic plane, makes the Lunar poles mainly Permanently Shadowed Regions (PSRs), meaning that the floors of some craters from these regions never receive sunlight. Consequently, the temperature in these characteristic craters allows the sustainability of Lunar ice. This confirms a hypothesis based on evidence of the potential existence of water on the Moon, thus guaranteeing the possibility of living and working on the Moon [35]. However, regions which never receive direct solar illumination still receive sunlight coming to them indirectly, scattered, with the addition of starlight. This issue is elaborated in several statistics on measured quantities of solar power supply in all regions, including the polar ones [36,37,38].



Important conclusions on the South Pole area are drawn from results of processing topographical, geological, and environmental datasets collected by diverse Lunar missions (Apollo, Luna, Molnya, Chandrayaan, Chang’e, Lunar Reconnaissance Orbiter (LRO), Clementine [36,39], SELENE [40], etc.), making this area the best candidate for permanent Lunar settlement. Figure 1 introduces the polar-based region, where high attention is given to Shackleton Crater, located inside the rim of the South Pole Aitken (SPA) Basin [36,39,41,42].



Furthermore, communication with the Earth plays an important role in site selections. That is why the potential sites in the South Pole region based near the Shackleton Crater rim and Mons Malapert crater fulfill the requested parameters. They are noted as the best areas for a relay station due to high altitude, topographic characteristics, and visibility with the Earth [43]. In the case of simultaneous establishment of the laser relay on the North Pole, communication with the Earth will be 100% covered. Two separate systems per pole with 100 km distance between them will enable robust local wireless communication coverage [36].



Concluding on the selection of the study area for this research, the analysis of the discussion on the Moon’s South Pole region characteristics showed that Shackleton Crater fulfills all technical and environmental requirements. Therefore, simulation and statistical analysis of positioning accuracy will be carried out using Shackleton Crater as a case study. The presented methodology is replicable to other regions as well as other celestial bodies.




2.3. LRNTS Configuration


In Earth-based surveying, for each site, a control network is developed prior to further positioning works. The control network is designed in such a way as to spread over the whole site to avoid any extrapolation coming from a coordinate frame definition, which could jeopardize positioning accuracy. It is implemented as a set of stable, fixed points or facilities. Characteristic points of objects that are to be placed at the site are connected to the control network points with relative measurements, such as distances, angles, or coordinate differences. Consequently, both control networks and objects’ points’ coordinates share the same coordinate system.



The core of this research is developing a methodology that will allow real-time centimeter positioning accuracy throughout large areas of the Moon’s surface. The targeted accuracy should be:




	
available in real-time;



	
homogeneous throughout the whole area of interest;



	
independent of the size or the shape of a construction/exploration site;



	
replicable elsewhere (other solar system bodies).








A solution presented in this paper suggests placing a set of transceivers along the crater rim, forming a system that would act like any GNSS cosmic segment. LRNTS distinctions from GNSS are summarized in three items:




	
LRNTS is a ground-based system;



	
it consists of transceivers instead of transmitters;



	
it is self-adjustable.








LRNTS is implemented as a coordinate frame materialized by a set of transceivers located along a crater rim. Each transceiver acts, at the same time, as a transmitter and a receiver. As the transmitter, it broadcasts GNSS-compatible signals to other transceivers (and also inside the crater), while, as the receiver, it receives navigation messages from other transceivers. In that way, LRNTS can adjust the crater coordinate frame only by mutual measurements between LRNTS sites, unless tight fitting into the Moon reference system is needed. Self-calibration of LRNTS is performed via an iterative adjustment of measurements acquired mutually between the LRNTS nodes. One of the tested configurations analyzed in this paper, which is elaborated in detail later, is schematically represented in Figure 2. Blue dots represent LRNTS nodes, while black lines indicate established connections between the nodes. The intention is to provide as much visibility as possible between the transceivers. However, due to crater topography, not all baselines could be established.



Following the Lunar surface exploration objectives elaborated in [44], LRNTS is designed to act as a foundation positioning tool for all human and robotic missions in phases 1–3 of the Lunar surface exploration operation concept. The behavior of equipment exposed to harsh Lunar conditions can be tested against real conditions in three different environments: controlled indoor lab, virtual simulation, or outdoor analogue testing [45]. The operation of LRNTS transceivers will follow recommendations from [46], stated for robotic missions supporting the installation and maintenance of a permanent human Lunar base. Since solar power is seen as the most appropriate power source for Moon applications, microgrids can be used for powering all the facilities and vehicles in an area of interest [47].



The navigation system presented in this paper represents a solution for extra-terrestrial positioning applications where there are no satellite navigation systems available yet. Specially, because of existing data for the Moon topography, its explorations so far, and current interests for its further utilization, this paper suggests a pseudosatellite-based regional Lunar navigation system, which makes positioning activities on the Lunar surface much more precise. In addition to that, it is economic and self-sustainable, with no need for real-time monitoring.




2.4. A Coordinate System, a Map Projection, and a Timeframe


The LRNTS coordinate frame is based on 10 m Lunar Digital Elevation Model (DEM) [48]. If a more precise and detailed Moon reference frame would be introduced in the future, the LRNTS coordinate frame (and all sites within the crater tied to it) would be easily transformed into the new system. Throughout this study case, the LRNTS frame is treated separately from any Lunar reference system. Any such connection would introduce error sources related to global reference frame definition and implementation, which would create a false result on LRNTS performance. If this methodology proves its hypotheses and if other environments like Shackleton are to be investigated, then a tie to a Lunar reference system would be implemented. A possible solution for implementing a Lunar frame would be five Lunar Laser Ranging (LLR) retroreflectors, already placed on the Lunar surface. Their positions are determined with a cm level of accuracy, which makes them a good candidate for the reference frame implementation. Their coordinates are expressed as Cartesian 3D X, Y, Z coordinates, with the coordinate system origin in the Moon’s center of mass, with no projection defined. Furthermore, where appropriate, spherical latitude–longitude–height coordinates can be used [49,50].



Although very simple, Cartesian X, Y, Z coordinates with an origin at the Moon’s center of mass are not convenient for practical large-scale and precise applications. Therefore, we suggest here a polar xy stereographic projection, with the origin at the Moon’s South Pole, as depicted in Figure 1. All simulated measurements and calculations in this study are done in the polar xy stereographic projection.



The LRNTS timeframe is based on the transceivers’ atomic clocks. Each transceiver node holds an Atomic Frequency Standard (AFS) onboard (Figure 3), thus providing the same time reference for both transmitting and receiving segments. The benefit of this approach is that clock correction terms coming from different time standards (as with GNSS, for example) are neglected in measurement equations since transmitters and receivers use the same time system. A joint LRNTS timescale is developed from all LRNTS clocks, distributing time system parameters to each transceiver. Performance of one-way GNSS timing is estimated to about 20 ns [51], where a significant share in the error budget is related to ionospheric and tropospheric delays. LRNTS timeframe stability is expected to be better for an order of quantity than GNSS, having in mind theoretical one-way transfer accuracy of 100 ps for code ranges and 1 ps for carrier phase measurements [52]. However, the stability of LRNTS clocks should be checked on regular basis by time series analysis of LRNTS daily solutions (transceivers coordinates).



Furthermore, differences in gravity conditions between the Moon and Earth have an impact on the operation of atomic clocks. The differences in gravitational potential between the Moon and Earth can cause a change in the resonant frequency of the atoms, which is known as a gravitational redshift. This redshift can result in a shift in the frequency of the atomic clock, leading to inaccuracies in time measurements. Furthermore, the effects of special and general relativity also need to be considered. Special relativity affects the ticking rate of clocks, whereas general relativity causes a change in the geometry of space-time. Finally, thermal effects are important for precise definition of the Lunar timescale, resulting from rather different temperature conditions on the Moon compared to Earth. Changes in temperature can cause changes in the resonant frequency of the atoms, leading to inaccuracies in time measurements. To mitigate these effects, atomic clocks must be designed and tested to withstand the harsh conditions on the Moon and to account for the effects of different gravity conditions. Since the Lunar timescale is developed from measurements from all transceivers, special error correction algorithms are implemented to improve the accuracy of time measurements.



When the Pathfinder constellation is completed, LRNTS transceivers would be able to collect measurements from the Pathfinder satellites and, thus, to calculate their coordinates in the Lunar reference frame. Here it is assumed that the Pathfinder satellites’ coordinate frame will correspond to the Lunar reference frame. Then, transformation parameters from the local LRNTS system to the Lunar reference would be calculated using some Affine transformation models. Implementing the transformation parameters, all local coordinates could be transformed to the Lunar reference frame. LRNTS improves the concept [26] in a way that it will be used as a static transmitter constellation. After its establishment and self-calibration, when all LRNTS nodes obtain their coordinates, its role will be like any GNSS cosmic segment, providing navigation messages to the receivers performing regular surveying tasks within the crater.





3. Results


3.1. Transceiver Concept


A transceiver, in the LRNTS sense, is a system capable both of transmitting and receiving navigation messages. Basically, it would be implemented as a compound device, consisting of:




	
a pseudolite generating GNSS navigation messages, which are transmitted via a transmitting antenna;



	
a GNSS receiver, which receives the signals sent by other transceivers in the network.








A conceptual diagram of such a transceiver node is given in Figure 3. Some functions are shared between the transmitter and receiver: AFS, frequency synthesizer, and CPU.



The transceivers transmit and receive the signals at the same frequencies simultaneously. Therefore, interference between transmitted and received signals is likely to occur. This issue, called a near–far problem, is already recognized in terrestrial navigation applications, where augmentation of GNSS signals is needed, for example, in aircraft landing. Weak GNSS signals receive interference from strong pseudolite signals, which can completely block reception of the navigation messages by the GNSS receivers at the aircraft. Interfering signals can be processed in the transmitting and receiving phase. A latter approach is implemented, for example, in Successive Interference Calculation (SIC). This method reduces the effects of received signals with power above the ambient noise [53]. Antenna diagram shaping could help in reducing the near–far effect, which is summarized in [54]. A mitigation scheme combining two methods, Frequency Domain Excitation and Direct Reconstruction Cancellation, is used for solving for both continuous-wave and pseudolite-type interferences [55]. Narrowband interference can effectively be mitigated by temporal filtering methods, especially when the time domain and space domain methods are integrated. Such an antenna array Space Time Processing (STP) approach is elaborated in [56].



Interference between the transmitted and received signals in an LRNTS transceiver that operates in full duplex mode can be solved by using time-division multiplexing (TDM) or frequency-division multiplexing (FDM). In TDM, the transceiver alternates between transmitting and receiving at different times, effectively separating the transmitted and received signals in time. In FDM, the transceiver uses different frequencies for transmission and reception, avoiding the overlap of the signals.



Furthermore, advanced filtering techniques can be used for minimizing interference between transmitted and received signals, for example, the usage of band-pass filters or notch filters, which eventually remove the transmitted signal from the received one. Additionally, using directional antennas can also reduce the amount of interference by limiting the amount of transmitted signal that reaches the receiver.



The decision of where exactly to land the transceiver depends on the local terrain configuration. As stated before, the approximate locations for the transceivers were determined by examination of the 10 m DEM. The landing spot, which should be horizontal and with no significant obstacles nearby, can be selected using various landing techniques, for example, a multi-model hierarchical scene matching model [57] or an indirect scheme based on a two-point boundary value problem [58]. A method for obstacle detection during landing is elaborated in [59]. The sensitivity of the transceiver node’s location does not influence the stability of the LRNTS mathematical model, which is statistically proven in latter subchapters. It means that the transceiver can be landed anywhere within a few tens of meters around the preliminary location if the spot is horizontal and without significant obstacles.



The mathematical model of positioning using LRNTS, introduced in latter subchapters, assumes that both transmitting and receiving antennas of the transceiver refer to the same phase center, which is, generally, not the case. Therefore, the relative relationship between them should be determined during the calibration process, which is performed before sending the transceiver towards the Moon. The calibration of the mutual spatial relationship between the transmitting and receiving antennas is not included in further calculations. For the rest of this research, while not jeopardizing the reliability of the conclusions, it will be assumed that both antennas share the same phase center.



The multipath effect is a part of the positioning error budget. It depends on the terrain configuration and physical properties of the environment. The analysis of detailed Shackleton topography and the physical characteristics of regolith is beyond the scope of this paper. It can be assumed that multipath will not be a critical factor for accuracy degradation, since the average Bond albedo of the Moon is 0.11, but further research on this issue will give more precise conclusions. The application of Lunar surface reflectance models [60] or [61] can be used for preparing detailed multipath models of the Shackleton Crater.



All measurements from all transceiver nodes are sent in real-time to a master station, where processing is performed. Final coordinates are sent back to each transceiver. The master station is the transceiver at the location visible from all other nodes.



When the system is calibrated and fully operational, it operates as a GNSS space segment, sending navigation messages to LRNTS receivers. Then, the requirements for user LRNTS receivers can be similar to classical GNSS receivers, including the usage of crystal clocks.




3.2. Challenges of Lunar Environmental Conditions


The negative influence of the Lunar environment on hardware survival must be taken into consideration, especially for a long-duration mission. Analyzing previous mission experiences from the Luna and Apollo Programs, there are two major impacts underlined on hardware systems: Lunar regolith and sunless cold temperatures. Regolith comprises dust-sized particles between 40 µm and 130 µm and is extremely abrasive due to its chemical and physical composition [62,63]. Additionally, the Moon is permanently exposed to solar radiation and cosmic ray spallation, which makes constant contact with the regolith. Due to that phenomenon, particles are electrostatically charged, which represents a significant impact on the hardware. To mitigate Lunar dust influence on the hardware and Lunar operation, compliant mechanisms led by analytical design and topology optimization are proposed by [64,65].



Bearing in mind that solar energy will be unavailable during the lunar nights, this makes the production of heat and electricity challenging [63]. To avoid this problem, two solutions are proposed: (1) Thermal Wadis as a thermal power source to protect the systems during the cold periods and (2) Thermal Energy Storage (TES) as a system to run a heat engine producing the electricity during the periods of darkness [66].



Another problem of deploying instrumentation on the Moon’s surface is related to harsh conditions on the Lunar surface, with daily temperature variations of almost 300 K. However, due to regolith’s low thermal conductivity, the temperature under the surface remains almost constant, with an average of about 253 K [67]. Therefore, a possible solution for the long-term operation of a transceiver node is keeping its sensitive electronics under the surface while exposing only the necessary devices (antennas, motors, solar collectors, etc.) to the environment.



As a summary on operational consequences resulting from the specific Lunar environment, several issues are critical to keep sensitive electronic components operational. The first is related to thermal management. Electronic components must be able to withstand large temperature fluctuations and high temperatures. To mitigate this, insulation and thermal control materials, such as multilayer insulation (MLI) or thermal blankets, can be used to regulate the temperature of the electronic components.



The Lunar surface is subject to high levels of solar and cosmic radiation that can cause Single Event Upsets (SEUs) and Single Event Latchups (SELs) in electronic components. To mitigate this, various techniques such as using radiation-hardened components, shielding, and redundant systems are used.



Electronic components must also be mechanically protected from mechanical impacts and vibrations that can occur during landing and operation on the Lunar surface. This can be achieved using ruggedized packaging, shock mounts, and shock absorbers.



To ensure the longevity and reliability of electronic components, it is important to manage the power supply effectively. This can be achieved using power storage systems, such as batteries or energy harvesters, and power management systems that regulate the power supply to the electronic components.




3.3. LRNTS Observables


LRNTS observables are code pseudoranges and carrier phases, the same as with any GNSS. Regarding different Lunar conditions (geometric and environmental) compared to Earth GNSS, standard GNSS observable equations change in some terms.



A simplified form of a code pseudorange between two transceivers can be expressed as:


  P = c  (   T r  −  T s   )  = c Δ T  



(1)




where Tr and Ts are signal reception and signal emission times, respectively, while c stands for the speed of light in a vacuum. Readings of the times Tr and Ts correspond to the receiving (r) and transmitting (s) transceiver, which yields:


  P = c  [   (   t r  +  δ r   )  −  (   t s  +  δ s   )   ]  = c Δ t + c  Δ δ  = ρ + c  Δ δ   



(2)







With:




	
tr, ts—readings of the received and transmitted signals, respectively;



	
δr, δs—biases of the receiver and the transmitter clocks, respectively;



	
ρ—the geometric distance between transceivers s and r.








The biases δr, δs are calculated per transceiver and are available via a navigation message. The complete pseudorange equation introduces other error sources:


  P = ρ + c  Δ δ  +  D r  +  D s  +  M  r s   +  ϵ  r s    



(3)




where:




	
Dr, Ds—hardware delays for the receiver r and the transmitter s, respectively;



	
Mrs—multipath term between r and s;



	
εrs—remaining random error of the measured pseudorange.








If a signal is transmitted at the frequency f, then the basic carrier phase equation is written as:


     Δ φ    r s   =  φ r  −  φ s  = − f  ρ c  − f  Δ δ   



(4)




where φs is the phase angle of the sent signal and φr is the received phase angle of the same signal. The carrier phase Δϕrs is expressed in cycles, taking values within one cycle, i.e., [0, 2π]. In order to measure the cumulative phase angle Δϕrs, the number of whole cycles, known as the integer ambiguity N0, is involved. If the frequency f is expressed as a function of c and signal wavelength λ using the relation   f =  c λ   , the standard form of the carrier phase equation becomes:


     Δ Φ    r s   = −    Δ φ    r s   =  ρ λ  +  c λ   Δ δ  +  N 0   



(5)







Elements of (5) are expressed in meters by multiplying it by λ:


     λ Δ Φ    r s   = −    Δ φ    r s   = ρ + c  Δ δ  + λ  N 0   



(6)







The final form of the carrier phase measurements also contains hardware delays (Dr), multipath (Ds), and a random measurement error (εrs), yielding:


     λ Δ Φ    r s   = ρ + c  Δ δ  + λ  N 0  +  D r  +  D s  +  M  r s   +  ϵ  r s    



(7)







N0 corresponds to the number of full cycles in the first epoch. It is unknown, as in the case of GNSS. However, because LRNTS transceivers are static, the number of full cycles for a pair (transmitter, static receiver) does not change in time and can be determined after the second measuring epoch, because    N 0  =  N 1  =  N 2  = …  .




3.4. LRNTS Self-Calibration Model


There are k transceivers in an LRNTS configuration setup, and they are distributed along the crater. Their approximate coordinates    T i     (  X , Y , Z  )   0   ,   i = 1 , 2 , … k   are obtained from [48]. All transceivers are mutually connected with code ranges and carrier phase measurements:


   P  i j   =      (   X i  −  X j   )   2  +    (   Y i  −  Y j   )   2  +    (   Z i  −  Z j   )   2     



(8)






     Δ φ    i j   = M O D  (         (   X i  −  X j   )   2  +    (   Y i  −  Y j   )   2  +    (   Z i  −  Z j   )   2     λ  , 2 π  )   



(9)




where   i , j = 1 , 2 , … , n  . The total number of independent measurements per epoch is, therefore,



  n = k ⋅  (  k − 1  )   , while the number of unknown transceiver coordinates is   u = 3 k  . Since all measurements are uncorrelated, the weight matrix P is diagonal, with the elements    p i  =    (   σ i 2   )    − 1    , where    σ i 2    is the measurement dispersion. The design matrix A is a Jacobian with elements    a  q m   =   ∂  O  i j     ∂  C m     , where Oij is the observation function (8) or (9), and Cm is an unknown coordinate.



Index   q = 1 , 2 , … , n   indicates a measurement, while   i , j , m = 1 , 2 , … u   are related to the unknowns.



The adjustment model used here is developed as a free 3D network. Therefore, the normal equation matrix    N  =   A   T    P A    is singular, so Moore–Penrose pseudoinversion is used for calculating a cofactor matrix     Q   x   =   N  +   . Coordinate increments are calculated as:    x  =   Q   x     A   T    P l   , where l is the vector of the measurements. After calculating the new coordinate values    X  =   X  0  +  x   , an iterative adjustment procedure is repeated, with coordinates X from the previous iteration assigned as approximate ones for the next epoch. Standard deviations of the unknown parameters are calculated as:


     σ ^    i i   =    σ ^   0     Q  i i      



(10)







With:



	
     σ ^   0  =       v   T    P v    n − u      —a posteriori dispersion factor, where vector of measurement increments    v  =  A x  −  l   ;



	
   Q  i i    —corresponding element of the cofactor matrix Qx.






Self-calibration is a process that establishes but also regularly checks the LRNTS coordinate system. The measurements needed for self-calibration can be completed in a short time (in 1–2 min), due to the ease of solving the integer ambiguities, as stated earlier. Therefore, periodical checks of the coordinate frame may be performed on a monthly or even weekly basis. During the periodical checks, the system still broadcasts navigation messages, so the users do not need to pause their work.




3.5. Simulated Configuration Setups


Analysis and results in this research are performed on the Shackleton Crater; thus, DEM [48] is trimmed to match the area of interest. To simulate various LRNTS configuration setups, a number of points are digitized over the Shackleton DEM in order to obtain their 3D approximate positions. The points locations are not directed by any special rule, but rather spread around the crater. In Figure 4, the Shackleton Crater DEM is represented both as a false-color palette and a 300 m equidistance contour map overlapped with the possible locations of LRNTS transceiver nodes (marked as white triangles with their locally assigned IDs).



The optimization of LRNTS treats locations and number of transceivers that would assure the best positioning performance within the crater. The optimal configuration of the LRNTS network should provide:




	
enough measurands (i.e., number of transceiver nodes) for self-calibration of the system;



	
signal coverage throughout (or, if not possible, for the majority of) the crater’s interior;



	
reliable signal transmission by minimizing multipath effects.








The locations of the transceivers should allow the undisturbed mutual transmitting and receiving of navigation messages between all transceivers. The same goes for spreading the signals towards the crater bottom, where the surveying of construction sites will be done. The signals with lower elevation angles (closer to the ground) can experience multipath effects, since the transceivers are placed on the ground, not in space. Further analysis of Shackleton topography is performed by creating a slope map. The frequency histogram (Figure 5) of the Shackleton slope map shows that the majority of the crater is at cca 50° slope, which should be taken into account for future LRNTS utilization plans in order to avoid possible multipath effects during the transmission of transceivers’ signals. The histogram values in Figure 5 are expressed in pixels.



In addition to the careful planning of LRNTS transceivers’ distribution in the sense of accuracy, the number and location of the transceivers should be optimized for the availability of the signals as well. Assuming future use of GNSS receivers for in-crater positioning, permanent visibility of at least four transceivers must be assured. Furthermore, for economic reasons, the total number of the transceiver nodes should be minimized.



Although a receiver can solve its position by collecting observations from only four satellites, experiences from terrestrial GNSS positioning show that, in realistic scenarios, it is not enough because of temporal obstacles that violate visibility of the sky. In the case of ground-based transceivers, that problem could arise as well. In addition, there is a practical maximum of the number of satellites where there is no significant increase in accuracy or reliability. Therefore, the selection of the number of transceivers per configuration and their locations is carried out by examining user experiences in terrestrial GNSS positioning.



First simulations involve 24 different configurations, from 5 to 24 transceivers. As stated before, the only criterion for choosing locations for the transceivers was their approximate uniform distribution along the crater. The positioning by four transceivers could be violated in the case of obstacles or a poor configuration. Therefore, we put 5 as a minimum for the number of LRNTS transceivers and 24 as a maximum, although the maximal number of the transceivers is theoretically not limited. However, increasing the number of LRNTS transceivers does not increase accuracy and reliability linearly. We have randomly chosen 33 different configurations. Among them, 12 are presented in this paper. Others are rejected because of their bad numerical figures.



The setups involve between 6 and 11 LRNTS transceivers. Individual setups with spatial allocation of the transceivers can be reviewed from Figure 6. Lines indicate intervisibility between certain LRNTS transceivers. Only vectors between intervisible transceivers were included in the adjustment models.



For each configuration setup, a corresponding viewshed map is created, depicting the availability of LRNTS signals within the crater area, as shown in Table 1. In Figure 6, all maps 1–12 share the same color ramp, where each color represents a certain number of visible transceivers at the given point. All pixels with values below 4 are painted in black, suggesting that in those areas, LRNTS navigation is not possible due to the lack of the minimal number of visible transceivers. The locations of transceivers are marked as white circles, with the point ID within the circles. A quick review of the viewshed maps indicates that the setups with more transceivers also imply better visibility on the surface of the bottom of the crater.




3.6. Self-Calibration


The self-calibration of LRNTS is performed as an iterative adjustment using the model elaborated in Section 3.3. Input parameters, in the sense of a priori quality characteristics and accuracy, are chosen by adapting standard error budget for GNSS positioning [68], adopting 300 cm for coarse-code code range accuracy and 5 mm for phase ranges. Multipath and atmospheric influences are neglected here. In addition, receiver clock bias is not treated in this study, because it refers to receiver crystal clocks, while all LRNTS transceivers hold atomic clocks aboard and use the same timescale for transmitting and receiving. The adjustment was performed adopting a 100 m spatial error of approximate LRNTS transceiver positions, resulting from DEM. The adjustment process converged after the third iteration in all tested models.



Table 2 summarizes the obtained results for all 12 tested models. Columns 2 to 7 contain minimum and maximum standard deviations of the points’ spatial (3D), horizontal (2D), and vertical (1D) positions, respectively, which is further used for analyzing performance of the network geometry.





4. Discussion


Quality estimation of LRNTS is based on three criteria:




	(1)

	
coverage of LRNTS navigation signals within the crater—viewsheds (Table 1 and Figure 6);




	(2)

	
accuracy expressed as positional standard errors of the points (Table 2, Figure 7, Figure 8 and Figure 9);




	(3)

	
efficiency expressed as the number of points and measurements (Table 1).









Regarding the coverage of the crater area with transceiver signals, none of the configurations assure 100% signal availability within the crater. Table 1 displays the number of the transceivers in each configuration setup with the percentage of signal coverage within the crater. Among the 12 tested models, half of them (grey-shaded in Table 1) provide less than 95% signal availability, which limits their possible utilization.



Inspecting 3D position accuracies in Table 2, one can observe that the maximal standard deviations of the tested configuration setups are between 17.5 cm and 336.8 mm. Detailed analysis shows that the vertical component (z values) results in much larger standard deviations due to the adjustment linear model. Partial derivatives for the pseudo-distance Pij (connecting transceivers i and j) over the unknown coordinate zi of the design matrix A follow the form     ∂  P  i j     ∂  z i    =    z j  −  z i   D   . Derivation over yi and xi gives analogue forms, replacing z with y and x, respectively. Since the transceiver height spans are smaller, in some cases, up to an order of value compared to horizontal components, the corresponding elements of A referring to the vertical component are proportionally smaller. Therefore, the cofactor matrix     Q   x   =   N  +  =    (    A   T    P A   )    − 1     produces elements related to the z coordinate much larger than for the x and y axes.



Bearing that in mind, the 3D problem is split into 2D + 1D. The calculated standard deviations of the horizontal positions and related vertical accuracies are given in columns 4–7 of Table 2. There are three models with extremely high standard deviations (shaded grey in Table 2). They are not taken into account with further processing. Graphical representations of the other nine models that fulfill the accuracy requirements, sorted with respect to their performance, are given in Figure 7, Figure 8 and Figure 9.



The abscise holds the numbers of selected models (from Table 1 and Table 2), while the results (minimum and maximum standard deviations) are given in mm and presented as short red vertical lines. The average standard deviation values for each model are connected with the green line.



Merging three criteria (viewsheds, accuracy, and the number of the transceivers), the optimal model is No. 11, with nine transceivers, a coverage of 95.5%, and maximal standard deviations of 6.7 mm for the horizontal position and 11.5 mm for the vertical component.




5. Conclusions


This paper suggests a new infrastructure for high-precision real-time positioning on the Moon, called the Lunar Regional Navigation Transceiver System. It is a ground system which transmits navigation messages similar to GNSS. The system itself is autonomous and capable of self-calibrating. It consists of a set of transceivers placed around the Lunar region where excavation or construction works are performed.



A case study presented here is implemented on the Shackleton Crater, which is a possible candidate for the first Lunar exploration works. A proof of a concept includes 12 different configuration setups for the transceivers’ locations along the crater. All configurations were tested against accuracy, signal coverage (inter-visibility), and efficiency, in the sense of the number of the LRNTS nodes. Among 12 tested models, the setup consisting of nine nodes showed the best numerical figures, with horizontal accuracy of 6.7 mm and vertical accuracy of 11.5 mm and availability over 95.5% of the Shackleton area. If deployed in that way, such a reference frame allows centimeter-level real-time positioning of the user receivers throughout the crater. However, if millimeter-level accuracy is needed, local high-precision control networks can be developed around the desired construction spots in the same manner as in terrestrial applications. Then, the local control networks would be tied to the LRNTS coordinate system, including the points surveyed from the local network.



The results presented here can be replicated for other solar system bodies (preferably Mars) because the suggested methodology does not need permanent communication with the Earth, which makes the concept self-adjustable and self-sustainable. Practical implementation of this research could help all further missions aimed at Moon exploration, which will benefit from having a tested reliable system for precise positioning purposes during all construction and excavation works.
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	Lunar Reconnaissance Orbiter
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Figure 1. Lunar South Pole. 






Figure 1. Lunar South Pole.



[image: Minerals 13 00371 g001]







[image: Minerals 13 00371 g002 550] 





Figure 2. A scheme of interconnection between LRNTS sites. 
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Figure 3. Conceptual diagram of a transceiver. 
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Figure 4. Candidate places for LRNTS transceivers. 
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Figure 5. Histogram of frequencies for a developed slope map of the Shackleton Crater. 
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Figure 6. Viewsheds of transceiver signals. 
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Figure 7. LRNTS horizontal standard deviations. 
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Figure 8. LRNTS vertical standard deviations. 
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Figure 9. LRNTS spatial (3D) standard deviations. 
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Table 1. LRNTS configuration setups.
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	Map Model No.
	Number of Points
	Number of Measurements
	Number of Unknowns
	% of Signal Availability





	1
	6
	58
	18
	91.6



	2
	8
	102
	24
	95.7



	3
	10
	162
	30
	98.6



	4
	6
	52
	18
	84.0



	5
	8
	102
	24
	95.3



	6
	10
	152
	30
	96.3



	7
	7
	48
	21
	78.4



	8
	7
	60
	21
	86.8



	9
	8
	82
	24
	92.8



	10
	7
	64
	21
	91.2



	11
	9
	134
	27
	95.5



	12
	11
	188
	33
	96.4
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Table 2. LRNTS positioning performance depending on the model.
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	Map Model
	(3D)

σxyz (Min)
	(3D)

σxyz (Max)
	(2D)

σxy (Min)
	(2D)

σxy (Max)
	(1D)

σz (Min)
	(1D)

σz (Max)





	(N°)
	(mm)
	(mm)
	(mm)
	(mm)
	(mm)
	(mm)



	1
	20.1
	38.0
	3.9
	7.4
	19.7
	37.4



	2
	17.1
	44.0
	3.5
	7.2
	16.6
	43.4



	3
	22.1
	41.3
	3.6
	6.5
	21.8
	40.8



	4
	41.3
	283.3
	15.7
	151.1
	38.2
	239.6



	5
	22.9
	50.6
	8.4
	20.5
	21.0
	46.3



	6
	24.1
	332.5
	11.6
	167
	19.0
	287.5



	7
	7.7
	28.7
	5.0
	18.0
	4.6
	22.4



	8
	7.0
	17.5
	5.0
	10.3
	4.9
	15.0



	9
	12.9
	31.3
	5.3
	14.0
	10.8
	28.0



	10
	6.9
	26.0
	3.2
	14.2
	5.6
	21.8



	11
	4.9
	13.3
	3.5
	6.7
	3.5
	11.5



	12
	11.8
	336.8
	7.6
	169.2
	9.0
	291.2
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