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Artemis’s Compass: Navigation Architecture and Challenges in Support of Initial Lunar Missions
Evan J. Anzalone

Through the Artemis missions, NASA is building out a robust multi-faceted organization of crew vehicles, launch systems, infrastructure, and service providers (commercial, governmental, and international) as part of its mission of developing a sustainable lunar exploration ecosystem. In order to implement these missions, a complex set of integration and technical challenges need to be addressed to support a long-term human presence at the Lunar South Pole. This paper provides a high-level overview of just one piece of this, focusing on the approach to the navigation architecture being put in place across the program. Key topics are the challenges faced across each mission phase, functional roles per elements, as well as unique challenges of integrating across service providers. Lastly, the potential influence of key emerging technologies will be summarized to help inform key potential growth. This paper provides a view of the functions and approach needed to develop the compass of the Artemis missions, to ensure safe and accurate navigation to, near, and on the moon. 
Introduction

Through the Artemis missions, NASA is supporting a broad set of capabilities to enable a robust sustainable human lunar exploration economy. To meet the mission objectives, jumps in performances are needed across multiple technical disciplines to enable areas such as precision landing, heavy lift, large cargo lunar landing, complex remote infrastructure deployment and operation, and small-scale nuclear power in space to name a few. While several of the fundamental technologies needed have been tested and demonstrated in either technology or science missions of opportunity, the Artemis campaign will bring together multiple elements into a complex multi-partner dance where all pieces must work well together to complete the mission.
This paper will focus on the navigation challenges and architecture across each phase of a representative Artemis Mission
. A summary of the key goals of each mission is given in Figure 1. A detailed description of Artemis V will serve as an example mission to capture the complexities and challenges being faced across a multi-vehicle constellation involving landers, crew vehicle, space stations, surface exploration elements, and in-situ infrastructure.  Earlier missions, III and IV, present a subset of the phases identified, though the same challenges remain
. This paper will provide an overview of each phase of the mission that provide the integrated capability to move humans and cargo from Earth to the lunar surface and back again. These includes Earth ascent, transfer to and docking in lunar orbit, descent to, operation on, and ascent from the lunar surface, as well as safe return to the Earth.  
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Figure 1. Artemis Mission Overview

This paper will focus on the navigation challenges, explicitly, across each phase, and provide an overview of the expected approaches. This will reference government insight and other studies that have been conducted to address similar missions. In addition to the detailed description of each flight phase that has a strong reliance on positioning capability, this paper will also provide a discussion of other high level architectural capabilities and design standards. These include the usage of common coordinate systems, certified flight data, as well as broader use case, such as traffic management and collision avoidance. By providing a summary of the design approaches and challenges across the Artemis enterprise, this paper intends to provide readers with insight to the operational architecture and help to identify and support key areas of continued research and development.
Overview of Artemis Missions And planning

The ability to properly navigate is key enabler of mission capabilities and are important across all the elements of the architecture across the entire mission life cycle. This extends from initial lift-off from the surface to the Earth, to rendezvous of elements in Lunar Orbit, descent to, ascent from, and operations on the Lunar surface, as well as final Earth entry. Navigation provides the onboard vehicle and ground operators the current estimated position of all assets, used in both inter- and intra-vehicle planning, coordination, and operations. Given knowledge of where an asset is and its current state, the Guidance and Control algorithms can take over by steering the vehicle back onto a pre-defined course and commanding vehicle actuators to apply forces to the vehicle to achieve the desired Delta-V correction in calculated attitude.

The requirements that drive navigation accuracy are spread across the elements and are captured at multiple levels in terms of responsibility and implementation. As such, there are unique requirements for maintaining and sharing the location of crew and mobile vehicles on the lunar surface to enable exploration, safety, and science objectives. Scenarios requiring increased precision and availability are intended for implementation post-Artemis V and will be coordinated between element owners and service providers to ensure an integrated PNT architecture. 

Figure 1 provides a high-level view of the phasing of capabilities across elements and mission implementations. These are derived from high-level Moon to Mars Objectives
 and mission needs
.  This provides one view of planned objectives for the primary elements and their functions as part of the integrated architecture. All of the capabilities defined below are heavily influenced by the ability to successfully navigate.
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Figure 2 Evolution of Notional Mission Capabilities over Time
To enable the exploration goals laid out in the Artemis Program, PNT knowledge will be crucial across all elements of the enterprise. This capability will be met by a range of approaches and solutions in terms of multiple types of measurements and navigation algorithms. Early missions will rely heavily on Earth-based tracking either through DSN or Service Provider assets. This will support ground-based orbit determination to determine the position and velocity of assets in orbit, whether on departure from Earth orbit, on transit to the moon, in low lunar orbit, or in NRHO. Specific ground tracking assets in use will be determined on a per mission and per provider basis, based on coordinated scheduling and loading activities. As the mission infrastructure evolves and services provided by in-situ infrastructure become available, it is intended for this burden to be augmented and shift from Earth-based to Lunar-based services for users operating near the moon. This augmented architecture will enable navigation from Earth launch to Lunar landing and surface operations, including the transition between central bodies over the mission. This enables a more robust, and better performing capability, both in terms of accuracy and time to a solution. With investment in lunar deployment of these assets, it is intended for vehicles within the supported service volume to be able to maintain high precision, near-real time solutions akin to terrestrial GPS. 

Other parts of the mission, such as descent, surface exploration, and ascent will require integration of multiple sensor sources onboard a given vehicle platform in closed loop flight. Due to the high dynamics and short duration of activities of powered flight operations (such as ascent or descent), onboard sensors will provide real-time high accuracy body-relative navigation solutions to enable precision landing. This will require integration of onboard inertial sensors (such as inertial measurement units or star trackers), velocity and altitude sensors, and terrain relative navigation approaches. In-situ observables generated from orbital or surface assets, will form the basis for absolute navigation, support relative navigation, and can aid precision landing. Multiple sensors are needed to provide navigation resilience and robustness in varying environmental conditions (i.e., lighting). 

Once on the surface, Artemis has requirements to maintain high precision knowledge of all surface-fixed and mobile asset's locations. Orbital and surface infrastructure (i.e., LunaNet
-compatible navigation systems and common reference systems) provides the basis for locating an asset to inertial space. As these in-situ elements are deployed, it is intended for surface users to utilize relative navigation techniques and onboard sensors to provide augmentation during early missions. This is aligned with the growth and evolutionary design of navigation requirements over the individual missions. This enables a field-testing approach, similar to Apollo, where new capabilities are demonstrated and proven before being fully utilized. Examples of this can be seen in the expansions of traverse distances, into increasingly challenging areas, and augmented exploration via lunar mobility systems.  To support these activities, the navigation systems will also evolve, from crew-based orienteering to motion sensing to radiometric and optical navigation techniques. These techniques will also be important for future mission scenarios involving precision formation operation, remote operation, and traverses into difficult environments where orbital signals are not available, such as caves or lava tubes. In these areas, additional ground infrastructure, such as pseudolites (a ground reference providing a navigation signal compatible with LunaNet), could provide the needed references. Similarly, additional sensors will be needed for operations involving coordinated activities between surface elements, such as cargo transfers or automated docking.

The individual projects and elements that will be utilized across Artemis have been described in detail in the Moon to Mars Architecture Definition Document
. To provide context for the navigation architecture, the key functions for the elements operating as part of Artemis V will be discussed. With current plans, this mission will include several key capabilities and functions that lay the foundation for expanded operation. This mission includes full usage of Gateway
 as a transfer station with SpaceX DragonXL providing Logistics support, the Lunar Transport Vehicle (LTV) for expanded surface traverses, as well as expected initial capability for lunar relay capabilities through Lunar Communication Relay and Navigation Services (LCRNS). For this mission, Blue Origin’s Blue Ghost lander is currently planned to support the Human Landing System (HLS). The xEVA (Extra-Vehicular Activity) program will procure services for the space suits for the astronauts to wear during surface traverse. While these independent programs all face integration and schedule challenges, it serves as a useful point of comparison for the various functions, needs, and architecture design. 
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These elements must operate together across the mission to meet the overall objective. A summary of this is given in Figure 3 which shows the overall interactions between elements, but with a focus on the communication aspects. This helps provide insight into the complexity and multiple paths inherent in the implementation. As can be seen in the diagram, the elements all utilize multiple communication paths and require tight integration to plan and execute operations. This example case will be used throughout this paper to provide context and highlight key challenges and opportunities. 
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Vehicle NAvigation Functions

To provide an overview of how navigation plays a role across the architecture, Table 1 provides an overview of the broad operational scenarios in which navigation accuracy plays a part. The focus here is on the crewed aspects of the mission. Infrastructure functions are covered in more detail in following sections. Additionally, this table provides insight to whether this requirement is a direct application from high level, or whether they are derived at the element or service provider level. The architecture itself has may have few high-level Navigation-specific requirements, but these have large impacts across the enterprise.
Table 1 Operational Scenarios Requiring Navigation Accuracy
	Use Case
	Description
	Architecture (A) or Derived (D) Requirement

	Insertion into Earth Orbit
	Ability to properly place a payload into Earth Orbit and onto a transfer to a staging or TLI trajectory
	D – requirements may be in terms of Tip-off Uncertainty or Impact to Payload in terms of DV to correct for insertion errors. Navigation errors contribute to integrated vehicle performance. 

	Orbit Corrections and Maintenance 
	Navigation knowledge is used to compute corrections to a vehicle’s state to meet a desired orbit and/or rendezvous state. This applies to both transfers orbits to the moon as well as maintaining or phasing while in lunar orbits. Similarly, momentum management can also result in small Delta-Vs that can impact the vehicle's trajectory (across all orbital phases)
	D – ability to maintain an orbit is determined by integrated analysis of DV allocation, mission planning, and expected disturbance forces and execution errors. Navigation accuracy defines how well corrections can be computed and executed.

	Insertion into and transfer between Lunar Orbit(s)
	Like orbit corrections, navigation knowledge defines how well the vehicle can insert into a given lunar orbit. Additionally, time spent navigating has a direct impact to integrated mission analysis and con ops.
	D – requirements derived based on integrated mission planning and analysis

	Rendezvous in Lunar Orbit(s)
	To enable staging and integration of multiple elements in lunar orbit for such activities as transfers of crew or supplies or building up Gateway, high precision far- and near-field navigation capabilities are needed to ensure successful docking and proximity operations. 
	D – requirements derived from docking standards for vehicle control, disturbance models, and approach corridor definition and concept of operations

	Lunar Landing 
	For precision landing, the navigation knowledge must be at least as good as the required accuracy. The ability to target a specified landing site is highly dependent on onboard state knowledge. To account for imperfect control and guidance, the navigation knowledge uncertainty should be controlled to be on the level of 50% of landing accuracy. 
	D – architecture requirements focused on landing architecture, in terms of landing within a certain number of meters of a designated landing site. Navigation errors must be maintained to at least that level to enable meeting requirements. 

	Surface Exploration
	To enable exploration, technology, science mission objectives the knowledge of crew and mobile assets is required to properly conduct operations, tie science objectives to a global frame, transfer assets and materials across the lunar surface, and inform mission planning and safety objectives (i.e., ability to determine traverse course back to base). This capability is also needed to support deployed lunar surface science missions, either stationary or mobile, enabling high accuracy PNT services to correlate observations in terms of position and time. 
	A – architecture explicitly calls out high-level navigation accuracy for crew and mobile assets. This is needed to ensure safe return in contingency scenarios, anchor science objectives, provide enhance resolution of surface activities, and provide architectural capability for sustained operations.  

	Surface Rendezvous and Proximity Operations
	To transfer resources across the lunar surface, high precision navigation will be required for coordinated operations on the surface, for example, when a vehicle drives up to a cargo lander to offload supplies via use of a robotic arm.
	A/D – high level architecture requirements on mobile assets provides adequate accuracy for far-field approach, near-field activities such as docking or cargo transfer are still in work and are expected to be a mix of derived and architecture requirements.

	Lunar Ascent 
	Similar to the descent scenario, navigation accuracy is a key driver for the ability to ascend from the lunar surface and insertion into a defined orbit.
	D – function of integrated mission analysis

	Earth Entry
	To properly return crew and supplies to Earth, navigation knowledge is used to define and ensure the vehicle properly executes insertion maneuvers and follows a pre-defined mission corridor to ensure a precision landing.
	D- function of required landing accuracy and concept of operations.

	Disposal
	All lunar operational systems shall meet planetary (and orbit) protection requirements. This requires the controlled disposal of systems either into authorized lunar surface areas, into heliocentric space, or controlled Earth re-entry, according to system design.
	D - function of vehicle type, design, and disposal concept of operations.


An alternate view of this data also includes the applicability of these operational scenarios to the specific elements in the architecture. This provides insight into the types of navigation being performed by each and their operational phases. It is important to note that for some elements, these navigation requirements are wholly owned by service provider. For example, launch insertion accuracy applies across the board to all elements as a high-level requirement. For service providers, such as HLS or LTV, these are part of their independent concept of operations that typically operate around the Artemis elements and impact their integrated performance and a supporting capability to provide the contracted services. As such, minimal insight at the Artemis level is expected. In contrast, navigation performance that directly impacts the integrated mission, explicitly where crew or other NASA elements are involved, will be subject to a larger level of insight to ensure a successful mission. These scenarios and nominal expected navigation approaches will be discussed in more detail in the following section.
Table 2 Operational Scenarios to Specific Architecture Vehicles
	Reference Use Case
	SLS
	Orion
	Gateway
	HLS
	EVAS
	LTV
	PR

	Insertion into Earth Orbit
	x
	x
	x
	x
	 
	x
	x

	Orbit Corrections and Maintenance 
	 
	x
	x
	x
	 
	x
	x

	Insertion into and transfer between Lunar Orbit(s)
	 
	x
	x
	x
	 
	x
	x

	Rendezvous in Lunar Orbit(s)
	 
	x
	x
	x
	 
	 
	 

	Lunar Landing 
	 
	 
	 
	x
	 
	x
	x

	Surface Exploration and Science
	 
	 
	 
	x
	x
	x
	x

	Surface Rendezvous and Proximity Operations
	 
	 
	 
	 
	 
	x
	x

	Lunar Ascent 
	 
	 
	 
	x
	 
	 
	 

	Earth Entry, Descent, and Landing
	x***
	x
	 
	 
	 
	 
	 

	Disposal
	x
	x
	x
	x
	x
	x
	x


Some navigation requirements apply not to the elements themselves, but to the delivery systems utilized to transport hardware and systems from Earth to their operational area (i.e., while LTV does not have explicit requirements prior to operation on the lunar surface, it still must be transported to lunar orbit and down to the lunar surface, resulting in derived navigation requirements).  Similarly, where support systems (such as tugs or refuelers) are used, these systems must meet disposal and Earth-reentry requirements per their concept of operations. For xEVA, in contrast to surface vehicles, the hardware is transported along with the crew, as such the host vehicle has its own requirements on landing and in-space operations. For SLS, disposal requirements of the vehicle may require targeted re-entry of the upper stage or entry into heliocentric space.
These two tables provide insight into the operational needs and applications of navigation to elements across the Artemis enterprise. The implementation and usage of sensors and algorithms to meet required performance varies depending on the procurement approach. This can broadly be broken into several major categories; NASA-owned and operated elements, USG-owned supporting individual elements (such as collision avoidance and Lunar Reference system products), NASA-procured services supporting individual elements, and NASA-procured services supporting infrastructure-like capabilities across multiple elements. These have unique perspectives and roles and responsibilities between NASA and the surface providers. 

As described, navigation is key operational aspect of all elements operating as part of the overall Artemis architecture. As part of the move towards government-procured services as opposed to vehicles, insight into element navigation implements is focused on key areas of risk during the individual missions. While NASA programs may only conduct limited insight into the more routine aspects of operations (such as commercial launch, where other government entities provide oversight and regulation), unique and first-off operations such a crewed lunar landing will require increased insight and analysis to both ensure crew safety and the ability of the procured services to meet NASA operational needs. 
Navigation Architecture Design and Approach

In order to tie all of these functions together, a robust and flexible architecture is needed to support all vehicles and users. This section will provide an overview of and insight into its development. The foundation of this architecture is a common, well-defined, and controlled set of reference systems A reference system can be defined as including many elements that provide the fundamental basis and underlying models for any navigation system. This includes geodetic products such as digital elevation models, gravitational potential models, anchored imagery databases, ellipsoid models, as well as a consistent set of body-fixed and inertial coordinated frames that these are defined. For the elements of Artemis, this includes products for both the Earth and the Moon, as well as ephemeris information for the sun, and third order gravity perturbing bodies (such as Jupiter) that may be used in high accuracy orbit determination. 

The glue that holds all of these elements together is a common definition of time. This is necessary to understand the dynamical nature of all of the physical models, with a key focus on relative translation and rotation between any body-fixed and inertially-fixed product. While terrestrial systems heavily rely on UTC, as deployed via GNSS systems that provide rotations between frames such as the International Terrestrial Reference Frame (ITRF
) and the International Celestial Reference Frame (ICRF
), no such current standard exists for high fidelity local timing at the lunar system. As these systems are deployed, it will become increasingly important to ensure consistency and transformation between lunar-centric and earth-centric time. 
Built upon a foundational of common reference systems and time, there are four pillars of the navigation architecture: Earth-based tracking, use of lunar orbital assets for tracking and navigation, intra-vehicle relative navigation, and autonomous onboard vehicle capabilities. These foundational capabilities provide the performance and approaches to meet the integrated mission objectives. Individual elements will rely on several of these approaches to conduct their missions. These capabilities cover a range of integrated and vehicle-specific capabilities. 

Two of the pillars are well-defined and are more traditional, broader architectural elements: Earth-based tracking, and in-situ orbital tracking. Earth-based tracking is the use of ground stations as reference locations that integrated relative range and range-rate information to perform orbit determination and time distribution to upload to remote spacecraft. In-situ Lunar services are being deployed to operate and provide capability similar to terrestrial global navigation systems for users in lunar orbit and on the surface near the Lunar South Pole. These vehicles are intended to provide both in-situ peer to peer tracking signals as well as broadcast navigation signals. The specifics of these signals and this architecture is described in detail online
.
The third pillar is intra-vehicle navigation in support of multi-vehicle operations. A common set of both physical docking markers as well as interoperable intra-vehicle tracking is needed to ensure compatibility and operation across a range of vehicles. An example of this is the expanded use of standards such as the ISS standard docking mechanism (check documentation). For navigation, this includes the use of standard fiducials
 for use in optical and lidar tracking on approach as well as radiometric ranging techniques
 to enable far-field approach. These standards are documented in detail within the Gateway specifications
, serving as an analog to ISS docking standards that are used across government and commercial vehicles. With Gateway operating as a staging ground for lunar surface missions, a variety of vehicles must utilize these common systems to operate in close proximity, including Orion, HLS, and Gateway Logistics to name a few. Similarly, these methods are also needed for missions prior to Gateway to enable contingency and pre-Gateway operations (i.e., crew transferring from Orion directly to HLS). 
The last pillar of the initial operational phases is the autonomous capabilities inherent to any vehicle. While not traditionally considered part of the cross-element architectural capabilities, the nature of the service provider-focused approach of Artemis makes it a foundational element of each mission. Each vehicle must be able to perform their own navigational approach and combine observations from the other architecture elements to maintain onboard state and time information. Additionally, the onboard sensors, algorithms, and approaches are unique and protected by each vendor. As such, each of the vendor’s and their respective implementations operate with and use the other elements to provide an integrated autonomous onboard solution, which is fundamental to operations such as high precision landing and robotic lunar surface exploration. 
These five elements unique support each phase of the Artemis mission architecture and provide a key function to enable mission success. Each of these elements will be described in additional detail in the following sections in terms of the phases of the missions and focused applications. This will be followed by a discussion of systems engineering and integration, providing a summary of the unique challenges presented by the reliance on a multi-service provider architecture.
Foundational Focus: Coordinate Systems and Ephemeris

Reference system coordination and planning is essential to both the planning and operational aspects of the individual missions across the Artemis Campaign. The reference systems identified include a unified set of data covering areas such as the radius, geoid (surface of equipotential), ellipsoid, gravitational potential model, reference frame, deflection of the vertical, ephemeris, orientation, and cartographic products such as topographic maps, elevation data, imagery, grid system, as well as a sustained operational process to maintain the system. For Earth, this exists in the form of WGS 84. Similar approaches and coordinated data products for a Lunar Reference System will be crucial to safe operations. This data is needed to support integration activities and ensure an accurate and consistent fundamental system for understanding and to interpreting PNT observations and outputs. This is especially important due to the distributed nature of the individual Artemis elements, interfacing service vendors at multiple levels. This section will provide a summary of the importance of this coordination, the types of data involved, the approach to current coordination, and the long-term impacts of cross-government activities.
As identified above, reference systems are utilized across the enterprise from an individual element level from understanding the orientation and distance between two sensors on a spacecraft (i.e., a vehicle fixed body frame) to the coordination of multiple frames to enable two assets to adequately point high gain antennas in the correct direction to close a high-bandwidth link. Some of the key scenarios and their data needs will be discussed in this section.

As demonstrated in already flown Artemis flights, it will be important to validate integrated vehicle performance, which includes navigation metrics. For launch vehicles, such as SLS, it is important to understand to high precision the relative orientation between the vehicle’s navigation inertial state and the inertial state used by integrated mission planning. One comparison of this is a delta between a True of Date-referenced Inertial Frame and J2000-referenced Inertial Frame. Similarly, as Orion performed trajectory correction maneuvers, it is important to understand the position of the primary gravitational bodies, the Sun, Earth, and Moon. This is especially important when transferring between mission phases, where the central body may change from the Earth to the Moon, as the vehicle performs a lunar flyby. Being able to accurately target these types of maneuvers requires a precise understanding of the vehicle’s location relative to the Moon, Earth, and Sun to ensure a correct orbit. This type of information is also necessary when performing onboard optical navigation. The ability to determine the current location of the observed and the observation time provide a lower bound on the ability to perform a navigation update.

One of the key enablers of the long-term sustainable vision for the Artemis surface architecture is the ability to exercise precision landing to autonomously deliver crews, vehicles, and fixed assets to the lunar surface. As experience with precision autonomous landing increases, with varied conditions (i.e., lighting on approach) and increased accuracy (100 m initial to 50 m sustained levels of performance), it will be important to provide validation of the approach selected.  These values are total landing accuracies to a given target, navigation is one of several key factors, and must be below this level of uncertainty (design trades have shown 50% allocation to knowledge errors). This is necessary to inform long-term architecture developments, impacting elements such as density of elements and site selection. In order to verify this, multiple inertial and lunar-fixed frames are needed. For example, Terrain Relative Navigation approaches provide measurements relative to the surface features detected via imagery. These must then be transformed into an inertial frame for aiding an onboard inertial reference. As such, it is important to understand how well the imagery maps to the actual lunar surface. Map-tie errors capture this uncertainty, that is driven by the observer’s location and ability to generate an integrated map. Similarly, pre-flight analysis and performance validation may utilize an external data product such as a Digital Elevation Model that has an independent map tie error based on its observation. As elements across Artemis verify landing accuracy, it will be important to understand the uncertainty between these frames and individual map tie errors in order to bound how well the final landing location can be determined. Similarly, this will impact the definition of the landing site itself. For example, if the site is selected based on one DEM product, it will be important to note the delta between DEMS when evaluating the actual landed position versus the target. Similarly, if using Earth-based tracking to validate the landing location, the map tie errors of each DEM and imagery product will provide a lower bound on how well the landing location is defined in inertial space. Additional errors, as mentioned above, focusing on the ephemeris knowledge, orientation parameters, and relativistic effects will also need to be considered when validating such tight landing accuracies. 

Another scenario impacting all vehicles is the ability to close a communications path. Due to the high bandwidth needs across the architecture, this is typically accomplished by a directional high-gain antenna on the user side, such as HLS, Orion, or LTV. In order to close these links, the antennas must be adequately pointed back towards Earth (or to an orbital asset like GW or a LCRNS relay). For prior missions on the lunar surface, such as the Apollo LRV, this was accomplished manually by using a targeting reticule on the antenna. More recent missions autonomously calculate the required pointing direction by combining and transforming across multiple reference frames. The below image shows the various frames involved, requiring both transmit and receive antennas to compute their location to a common inertial frame to be able to calculate the correct pointing. Both users also have unique rotations to go from their planetary body centered frame to a hardware frame at the mechanism level. 

Figure 1 depicts the different frames and how they relate to each other. The operations frame identified can be further broken down into the individual element's body-fixed and sensor-fixed frames as well.
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Figure 5
Another operational aspect of these frames will be the coordination and data transfers required to plan and support operations between vehicles in orbits across the Moon or Earth. For these scenarios, timestamped data will be transferred across vendor lines. For example, data from HLS will be provided to NASA to coordinate for far-field approach with Orion in NRHO orbit. This scenario will require understanding of the reference frame, time reference, accuracy, and latency of this data in order to compute an optical transfer or approach vectors to an adequate distances where relative sensors can take over the approach and provide direct observations between the two vehicles. Data from NASA to HLS will need to be similarly vetted. Differences in frame definitions, usage of planetary ephemeris, and time reference will directly impact integrated performance by influencing target design and maneuver execution. 

Lastly, at a fundamental level, the knowledge of cross-element reference frames will be needed to anchor any scientific observations. The understanding and coordination of this data will enable cross-comparisons between data collected during Artemis missions to that of other active and historical vehicles and satellites. This information is needed to be able to place any results within a global frame of understanding of the moon.

For traveling from the Earth, to/in cislunar Lunar space, and on the lunar surface, the missions must have an understanding of both the inertial and body-centered frames. This is needed to provide an understanding of an asset’s absolute location in inertial space (such as where in orbit around the Earth or Moon). This is also needed in a relative sense (such as where on the lunar surface) to enable coordination among assets operating in different locations and on different planetary bodies. These frames all can defined in multiple ways and can have a variety of time-bases and orientations. These frames can also have unique origins (which tie into the ephemeris discussion following this). As such, for all frames, it is important to understand their relative coordinate systems, origins, orientation, and time references in order to rotate from one frame to another.

In addition to rotations and being able to express one’s orientation relative to a specific reference frame, information is needed on the physical location relative to a specific body. In order to provide this data for both mission planning and operations, the ephemeris of planetary bodies must be understood in absolute space in order to conduct vectors relative to each. This kind of data is used in computational of orbits and the precise location of any assets to track its position relative to other spacecraft and planetary bodies. This information is also important in the processing and generation of navigation solutions. Any relative observations, such as range between a spacecraft and ground station, must be transferred into a reference frame about the primary body. For a vehicle in lunar orbit being observed from the Earth, the current location of the moon is of tantamount information to be able to solve for the spacecraft’s relative orbit about the moon. Similarly, ephemeris models are used in onboard propagation models to compute data such as the gravitational force on the vehicle (directly impacted by the distance between the spacecraft and the planetary body). 

To continue the lunar spacecraft example, a lander in orbit will also need to understand its current location relative to a fixed location on the lunar surface. Data such as the rotational orientation parameters are thus needed to understand how to transfer from an inertial to a body-fixed frame. This data includes factors such as the rotational rate of the body about its principal axis as well as any tilt or nutation of the body about its center of gravity. These parameters also impact the ability to tie orbital observations into an integrated map or product that describes the lunar surface. For example, to understand an orbital observation it’s important to know both where the spacecraft is, where it is pointed, and at what time in order to correlate the observation in the spacecraft sensor frame to a lunar-fixed frame. These types of conversions will also be necessary when communicating landing site location or surface traverse location between elements. 

For Artemis missions, it is important to not just consolidate and coordinate use of reference frames alone, but all reference system products that are being used by each element. This includes data elements used in onboard and ground software such as the radius, geoid (surface of equipotential), ellipsoid, gravitational potential model, reference frame, deflection of the vertical, ephemeris, orientation, and cartographic products such as topographic maps, elevation data, imagery, grid system, as well as a sustained operational process to maintain the system. For Earth, this exists in the form of WGS 84. Similar approaches and coordinated data products for a Lunar Reference System will be crucial to safe operations. All of this data must be controlled, managed, and verified to ensure safe operation in the lunar regime. Services providers need to utilize a common set of these products when exchanging data, performing navigation, and operating. 
As mentioned, it is important for all elements to ensure a shared understanding of reference frames in use across the enterprise. This is necessary to ensure a high level of precision in coordinated activities and data sharing. Key activities such as pre-mission planning require consistency in the frame definition to ensure data being shared between elements can be correlated to a common baseline. This is important to being able to understand and use any provided data. As such, integration mission planning forums maintain a common definition of frames and ephemeris standards to ensure consistency across planning elements.

A similar approach is needed to ensure operational consistency and accuracy. In addition to ensuring a common set of well-understood frames across the enterprise, it will also be important to utilize the most accurate data sets in mission operation. This accuracy of this data will directly impact mission performance, for example, the ability to define, select, share, and verify a landing location. This is directly influenced by all aspects discussed here: time transfers including relativistic effects, precise ephemeris, orientation models, and rotational dynamics. The combination of these defines the ability to both discuss, plan, and operate lunar missions from Earth. 

For mission planning purpose, these frames will be documented and captured in one common location online and will form the basis for the needed frame for operations. Historically, programs have utilized their own reference frame documentation to document their assumptions for use in analysis and development. Currently, Orion, SLS, and Gateway programs all have their own independent reference frame documents. These capture both body-centric data as well as orbital and planetary-based frames. It is the role of organizations at the Systems Engineering and Integration level to ensure consistency and compatibility among all reference frame documentations cross-element. It is also important to identify the desired reference frames and responsibility for transforms between frames. One example is both defining responsibility and capturing the information needed to transform from a lunar-centered lunar-fixed reference frame to an operational grid around a landing site. As needed to coordinate elements, future work is underway to develop cross-Artemis reference frame documentation to ensure consistency.
foundational Focus: Time Coordination and Distribution

The one aspect not mentioned in detail in the previous section is the deployment of time as a reference product across the architecture. Many of the rotations, ephemeris, and relative orientations are all extremely dynamical data. For example, any inertial frame has an associated time at which that frame was “Frozen” or defined to be fixed. This is important to understand any rotations or ephemeris within that coordinate systems. Similarly, time scales must be coordinated to understand the absolute reference and any relativistic effects on propagation. Some examples of these are Coordinated Universal Time (UTC) and Barycentric Dynamic Time (TDB), which capture the current time independently as measured on Earth and that at the solar-system barycenter. These frames provide an internationally recognized reference for understanding and tracking the current time. These times are needed to transfer between planetary bodies as well as understand relative time between locations. Due to relativistic effects, the Lunar body has a unique time that is offset from terrestrial time. Under sustained operations and long-term exploration, it will be important to continue to understand and use this reference to coordinate local activities. Two key use cases are described in detail below. 

The first use case is shown in Figure 5 below. This scenario is the docking of HLS and Orion in lunar orbit to facilitate crew and final material transfer to the vehicle prior to landing on the lunar surface. As these vehicles perform far-field approach outside of the range of near-field visual or lidar systems, the vehicles will be dependent on initially simply exchanging state information back and forth via ground operations centers and eventually sharing data directly when vehicles over radio links as they begin to make two-way ranging measurements. In this scenario, understanding the time dependency of the provided ephemeris is of key value when comparing state. For example, when providing a state relative to the moon, uncertainties in lunar position, orientation, earth position, as well as unknown latency and timing error will all drive errors in the provided state knowledge of each vehicle. This scenario represents an early implementation ahead of many infrastructure elements or deployed master clocks. As such, each vehicle will be required to synchronize their own onboard time to ground-based elements to enable a safe and accurate approach via approaches such as one-way light time
. As the vehicles enter into range for two-way radiometric tracking, this will also impact the accuracy of one vehicle to process ranging measurements made by the other vehicle. For example, in a relative navigation scenario, if Orion is providing a timestamped two-way range to HLS, any mismatch between their clocks will result in state uncertainty scaled to the relative velocity, essentially being latent to other onboard solutions. As the vehicles become closer, this sensitivity is dismissed as the vehicles relative velocities decrease over the course of proximity operations. Over later missions, as multiple vehicles begin  to congregate near Gateway, it will assume a role of master clock in lunar orbit for visiting vehicles and support local time coordination over radio and hardline connections.  
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Figure 6. Timing Links at Artemis III during Orion-HLS Docking

As opposed to how Gateway is expected to operate as a timing host for vehicles operating in NRHO, various ground elements will have unique timing solutions and approaches on a vehicle-to-vehicle basis. This multi-asset and multi-network concept of operations is given in Figure 6 and provides an overview of the multiple connections ongoing during this mission. This use case features a large of surface elements with unique responsibilities: HLS to land and return crew from surface as well as be safe haven, EVAS to support crew exploration on lunar surface, LTV for extended vehicular surface traverses, science and technology payloads (PL) across the various elements and deployed to the surface, and the support infrastructure of Earth and Lunar assets. Similarly, the complexity of networks can be shown with a mix of direct to earth, Earth via Relay, and element to element connections over multiple standards (principally Wi-Fi, though UHF is currently slated for supporting crew voice).
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Figure 7. Surface Timing and Data Interfaces at Artemis V

Each vehicle and piece of hardware in this concept of operations is being provided as a Service, and as such functions like time synchronization are the responsibility of the individual vendor. As such, LTV, HLS, and EVAS all will likely have unique hardware and algorithmic implementations to support their local onboard time, through a mix of hosting or using time servicers such as Network Time Protocol (NTP) or doing time transfers directly to other assets. For this scenario, though, the sensitivity on absolute timing synchronization across the elements is reduced. This is primarily a function of the lower relative speeds between assets as well as limited number of mobile assets at a time. For non-science objectives, this primarily focuses on protecting individual assets and maintaining keep-out zones around crew to reduce risk of any collisions. Multiple operational constraints and approaches can further be used to limit this sensitivity.

Timing sensitivity is more important for the utilization of Lunar orbital LunaNet Augmented Forward Signals-type observations to determine a high precision navigation state. Similar to GNSS, the accuracy of this solution on the user side requires an accurate timestamp in order to accurate process relay ephemeris to determine a state solution from the observed psuedoranges. With four satellites in view with adequate observation geometry, the user is expected to be able to maintain an accurate time synchronization with the network. This serves as a primary method of deploying a consistent time across the individual architectural elements. This will help reduce the reliance on vehicle-specific Earth-based synchronization, enabling all assets to be work to a common reference in-situ. As mentioned above, while there is reduced sensitivity to this for early missions, long-term scenarios including high value astrophysics observations
, broad geophysical observations
, and multi-vehicle coordinated operations., this time synchronization will become ever important.
Operational Focus 1: Flight in NRHO
As the vehicle (such as Gateway, HLS, Orion, or other supporting logistics vehicles) approaches the moon and enters into its respective orbit (for this section, NHRO), it continues to utilize similar in-space navigation approaches for tracking its position, velocity, time, and attitude. With the moon in view, it is also possible to begin to take advantage of optical navigation techniques that use observations of the limbs of Earth or the Moon to determine a range and bearing measurement that can be integrated into onboard filters. Orion uses this optical navigation approach as an onboard autonomous method to augment and provide a back-up for ground-based tracking. The primary drivers for navigation requirements in NRHO are focused on the ability to maintain the chosen orbit and enable any phasing required for rendezvous, proximity operation, and docking operations. Similar to cruise to and from Lunar Orbit, systems such as terrestrial GNSS or optical limb-based navigation can be used to further augment and support any Earth-centric radiometric observations. 

NRHO operations will include a large number of independent elements and visiting vehicles as shown in Figure 8. To enable the transfer of supplies, people, and elements in NRHO, a separate suite of navigation sensors and approaches are required to enable proximity operations. This includes sharing of inertial states between two vehicles and S-band ranging between vehicles at far-field distances. As the vehicles enter into near-field ranges, high precision optical sensors utilizing hardware such as LiDAR, laser ranging, or optical fiducials provide the next level of precision needed to ensure a safe and secure docking for visiting vehicles.
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Figure 8. Elements Supporting, Visiting, and Part of Gateway

The docking and coordination of vehicles in closer proximity in lunar orbit has not been conducted since Apollo 17. The uniqueness of operating in NRHO poses unique challenges due to primary 3-body nature of the dynamics, with the local docking frame being more akin to free space rather than in a low planetary orbit (i.e., low gravitational forces and typical assumptions about docking dynamics and approach in Earth orbit needs to be re-examined). In comparison to the great breadth of automated docking in LEO, early systems are not currently planning to use GNSS systems in this orbit. As such, absolute navigation will be primary performed by ground stations, incurring latency and delays in state vehicles updates
 and will need to be accounted for in integrated remote operations. Similarly, the use and coordination of active ground stations is needed to help centralize operations. For example, while vehicles are within the same field of view of a ground site, the use of capabilities such as Multi-Spacecraft Per Aperture
 will be important in helping to relieve any potential congestion.
Other methods could be utilized to augment ground tracking and offer paths towards autonomous rendezvous and docking. Two primary methods are the increased utilization of low signal GNSS signals
 and onboard optical navigation such as demonstrated on Orion during Artemis I
. These techniques can help provide an independent solution to aid in vehicle navigation and can provide earth-independent capabilities for off-nominal scenarios, at the complexity of additional onboard hardware and algorithms in addition to potential pointing constraints. As the number of vehicles increases at Artemis V to include logistics services to Gateway, HLS, and Orion in addition to other lunar orbital assets from other nations, these autonomous methods will prove increasingly important to support real-time navigation awareness and traffic management. 
OperatiOnal Focus 2: Landing on The Lunar Surface

Following docking to Gateway for transfer of last minutes supplies and crew, the lander will make its way to lunar orbit. Once the vehicle departs its lunar phasing orbit and begins its final approach, HLS will switch to utilizing an onboard solution for navigation. Earth-based tracking can continue to be used to aid the onboard solution, but this requires tight integration of ground orbit determination filters in order to quickly compute, verify, and transfer the external solutions to the vehicle. Alternately, ground uplink signals can provide one-way radiometric ranging or doppler observations onboard the traveling vehicle, but require improved onboard timing accuracy and stability. Onboard sensor suites enable a rapid measurement and input to the onboard filters to enable high precision landing. For this phase of flight, vehicles are expected to utilize variations on terrain relative navigation to match observations to onboard a-prior data sets such as digital elevation maps or imagery to provide a high precision state estimate. These measurements are primarily utilized prior to powered descent to ensure meeting landing requirements. Similarly, onboard sensors, such as star trackers, continue to supply high accuracy attitude measurements. The combination of these help ensures the guidance algorithms have quality information to guide the vehicle to the surface. As the vehicle continues its powered descent, onboard inertial sensors provide an updated estimate of the vehicle’s state. This estimate is expected to be aided by either radar or laser ranging to provide measurements of altitude and surface-relative velocity. Lastly, as the vehicle approaches terminal descent, onboard sensors such as LiDAR, RADAR, or stereo imagery are used to verify the local terrain around the landing site to detect any potential hazards and ensure a safe landing and commanding a divert if needed
. 
As the surface mission closes, HLS will be used to return crew to Gateway to transfer back to Orion and return to Earth. Ascent from the lunar surface will rely on onboard sensors, but in reverse from the landing scenario. Inertial sensors such as the IMU or Star Tracker provide initial states for the onboard guidance algorithms to calculate and fly an ascent trajectory. During this phase of flight, radar or laser observations can continue to be used, assuming their continued availability. Once in lunar orbit, optical navigation methods, and earth-based tracking can be used to provide a measurement of the final inserted state and enable planning for the next stage of flight.

Across all of these phases, LunaNet compatible signals (such as from LCRNS) are being deployed to provide real-time and peer to peer navigation services to provide additional in-situ observations. The primary limitations are in terms of constellation density and deployment. for early missions, the resources are being procured to primarily support operations while in orbit around and on the Lunar South Pole. It is expected that there will be opportunistic usages of these signals in other orbits, but are not currently guaranteed and will be a function of the users’ onboard systems, trajectory, and constellation design. Another opportunity is the augmentation with internationally provided LunaNet compatible signals
 that can help to provide increased dispersity and number of references to allow improved coverage. These systems could provide a robust and backup solution to onboard navigation techniques to help reduce error build-up, reduce reliance on Earth tracking, and provide increased real-time onboard precision.
OperatiOnal Focus 3: Lunar Surface Operations

Once on the lunar surface, alternate approaches need to be used to navigate asset and fulfill mission objectives. These approaches are in active development and utilize a mix of observations. The utilization of multiple independent observations is important to ensure a robust and safe system that can enable crew safe return under contingency scenarios (i.e., high levels of RF interference or hardware faults). It is expected that levels of redundancy will be needed to fully support all operations, with the crew's inherent familiarity with the exploration area and ability to orienteer serving as a fundamental capability.   Similarly, physical constraints further impact implementation, for example, between the LTV and xEVA in terms of available resources (physical, mechanical, and electrical). The architecture is being built out and deployed to provide LCRNS/LANS to enable high precision, high-rate navigation to all surface assets. Initially this is focused on the lunar south pole region but will include limited coverage of other sites based on vendor implementation. The current services enable real-time positioning capability at the South Pole for 40% of an Earth day by the time of LTV deployment. As the LCRNS assets are being deployed, alternate methods will need to be used by crew and surface vehicles to augment this observation and provide an alternate independent solution in contingency scenarios. In the longer term, the exploration area, concept of operations, and mission design will drive further potential growth of the service volume and coverage. Knowledge of the Moon's surface incrementally increases with data being added by Artemis Missions, Partners, and Commercial entities.  Map and terrain site updates will continually be performed, increasing precision and accuracy of these products. 

For the LTV and PR, this is expected to be accomplished using inertial sensors, such as IMUs, odometers, star trackers, and sun sensors, to enable onboard propagation of the vehicles state at high precision under times of limited coverage. Alternately, the implementation of LDIAR or stereo imagery can be used for navigation to provide relative state updates through algorithms such as Simultaneous Location and Mapping (SLAM) or absolute state updates through matching local surface features to an a-priori digital elevation map that is tied to the Lunar Reference System. These types of sensors will also be needed to “Close the loop” on onboard Guidance, Navigation, and Control (GNC) with either local or telerobotic control. Similarly, sensors capable of depth sensing will also be required to support hazard detection and avoidance algorithms. 

With the limited physical space and power available to host augmented sensors, xEVA navigation is initially expected to be a more crew-focused activity.  The initial missions to the surface, Artemis III, will rely on orienteering, using maps and ops product navigation aids, such as a Sun Compass (Working Hand in Hand: The Sun Compass and the Overlay Map - Space Artifacts (spaceartifactsarchive.com) or range scale. These approaches allow the crew to estimate their location and heading via observation of the sun, earth, and local terrain. These approaches are similar to what was performed on Apollo and continue to be refined and validated in both field and virtual reality testing ahead of flight programs. In order to augment this capability, small onboard sensors, such as IMUs, sun sensors, and star trackers can be used to track the astronaut's relative location through algorithms such as pedestrian dead reckoning. A coarse navigation aid utilizing these kinds of sensors is envisioned to support Artemis IV. Similarly, the attitude sensors can provide a direct measurement of current heading and orientation. Additionally, alternate approaches are being considered which utilize imagery from the surface taken by the crew that can be augmented with attitude information to determine a surface location and the use of post-flight imagery of the landing site to anchor the as-executed traverse. As the LCRNS constellation is deployed in support of Artemis IV, and user equipment is miniaturized, this is expected to form a baseline capability for the suits to augment or replace the orienteering as the primary navigation method on the surface with minimal impacts to the xEVA itself and to meet more stringent knowledge requirements to enable an associated update to mission objectives.
Foundational Capability: Lunar Communication Relay and NAvigation SErvices

As identified in the previous sections, LCRNS
 is being procured to backbone capability that is being deployed for the usage of all NASA surface elements. In addition to NASA being a key consumer of these services, it is expected that these capabilities would be utilized by a large variety of commercial operations, helping to build out the lunar economy and sustainable mission architecture. As of publication, this contract has been awarded to Intuitive Machines
 to deploy services compatible with the published requirements and timelines. 
LCRNS is intended to be the United States instantiation of LunaNet-compatible
 communication and navigation services. As such, the vision is for a broad implementation of these signals to support an interoperable global constellation. Parallel implementations include the ESA-sponsored Moonlight Programme
 and the Japan-funded Lunar Navigation Satellite System
. By adhering to a common set of signal definition and standards, global instantiations can help build out a robust interoperable constellation of constellations to support a broad range of lunar users.

These services provide support in three key areas of lunar navigation: positioning, time distribution, and geophysical modeling. The first aspect is the most operational capability. The services are being sized to enable a high precision of surface localization (10 m) for users ahead of the potential deployment of surface vehicles such as LTV. These services are meant to help augment and support on-vehicle capabilities (as discussed previously) to ensure a robust surface capability. Additionally, these services can be envisioned to help reduce the reliance on purely vendor specific implementations, providing the capability for a broad common architecture, similar to the adoption of GNNS systems terrestrially. 

Inherent within the positioning capability is the ability for the LunaNet services to provide a tight time synchronization to a common time basis. This helps to ensure all elements are working to a common time frame for coordination activities and data exchange. While initial surface exploration may have a limited sensitivity to this, long-term applications such as multiple autonomous vehicles, high precision surveying, and global physical networks will require this greater precision. Another key area where the positioning and time aspects intersect is the support of these services to support geophysical modeling. With these systems, monitoring stations can be deployed across the lunar surface that can provide both observation of real-time satellite ephemeris but also provide fixed reference points that can be used to anchor clocks or other physical models and help to form the basis of lunar reference system development. 
Systems Engineering and Integration Approach

While the previous sections have focused on the technical implementation and challenges, it is important to provide context for the high value of Systems Engineering and Integration efforts, which will ensure all of the systems can successfully operate and work together. This integration is performed in terms of mission design, software and hardware interfaces, and system interoperability to name a few. All of these aspects must be verified and tested to ensure a successful mission. 
Government-owned and operated systems include SLS, Orion, and Gateway. For these vehicles, NASA has a deep level of insight and responsibility for design requirements and verification. Projects like these follow a traditional government-industry relationship where a contractor builds a hardware solution that is operated for and by the government to a set of detailed government-developed design requirements. In these instances, NASA has developed navigation algorithms and supports detailed reviews of hardware and software elements for the operational vehicles. For both Orion and SLS, in-house engineers support hardware testing, algorithm development, and performance analysis of the navigation systems across the entire mission. For Gateway, there is a separation of responsibilities between deployment to NRHO and operation in NRHO. Based on the selected contract mechanism, service, co-manifested, or dedicated launch contracts may be used to transport individual elements in range of the integrated Gateway vehicle. Once part of the formal stack in NRHO orbit, responsibility for operation and navigation transfers to government operators. As such, NASA will perform orbit determination and use onboard sensors to maintain Gateway within its reference orbit. For these missions, NASA maintains a high level of design input and control. 

In contrast to this, the majority of the elements enabling operation to, from, and on the lunar surface are being procured using a services-based approach
. At a glance, this involves NASA essentially buying operational time as one customer of many on a contractor-owned, -designed, and -operated system. For these, the navigation requirements from initial launch and operations up to where they interface with NASA crew or vehicles is the responsibility of the service provider. An outcome of this is that NASA maintains minimal insight to navigation algorithms and performance during these phases of flight. Similarly, the SRD requirements for these elements are focused on operational capabilities, such as landing at a given site with a defined accuracy. In these scenarios, NASA performs focused insight analysis to verify the proper operation and expected performance. Additionally, when multiple vehicles interact, such as HLS docking to Orion or Gateway, additional insight is exercised in order to ensure safety and operational requirements are met. For these scenarios, NASA conducts focused insight to verify operations during critical events. The design, development, and operation of vehicle navigation sensors is primarily the purview of the service provider. This will be reflected in later parts of this document, where the expected navigational approach for elements being provided by service providers is maintained at a notional level. While not capturing the exact design of the service provider vehicles, this helps to understand the breakdown between government and provider roles, as well as insight to how advances in navigation technology and approaches can improve capability and reduce risk across the enterprise. 

The remaining elements that impact navigation can be considered to be government-procured services intended for usage by other service providers. The primary implementations here focus on Earth-based ground stations used to support high-bandwidth government telemetry needs (as described in detail in previous sections of this document), and in-situ communications relay and PNT services deployed from Lunar orbit. This is being procured as part of the LCRNS services, which includes two unique navigation functions: two-way coherent ranging and Doppler metric tracking between the satellite and the user on a Peer-to-Peer link, and broadcast navigation signals (AFS) as part of a multi-satellite constellation (LANS). Two-way ranging operates and will be scheduled similar to a tracking pass between a spacecraft and a terrestrial ground station. The AFS broadcast signal is being deployed as ubiquitous transmission based on GNSS concepts to enable high precision and high-rate navigation and timing updates within the prescribed coverage area (more details regarding coverage and signal definition are covered in the LCRNS SRD and LunaNet Interoperability Specification). These services are being put into place to provide the cross-element support capabilities needed to ensure the level of surface navigation to meet high level Artemis requirements. Similarly, this capability is intended to provide a baseline capability around which other services can be built.

This procurement approach will require increased government insight and verification. This is due to the government-mandated signal compatibility requirements and the definition of a new navigation signal with defined messages (AFS/LANS). To ensure compatibility with the signal definitions, the government will implement and deploy an Interoperability Validation Capability to verify provider capabilities. For historical approaches, such as TDRSS and GPS, the government has also played a large role in the development, testing, and deployment of initial user equipment. It is expected and desired for NASA to maintain this role and provide requirements and verification testing as LCRNS user terminals are deployed. As Artemis mandates compatibility and usage of these navigation signals across its elements, it is the responsibility of Systems Engineering and integration to ensure these receivers are compatible with the individual service provider vehicles and with the interoperable AFS/LANS and P2P service providers. This is needed to ensure interoperability between individual elements and the overarching architecture. 

Several opportunities exist to ensure these system work well together. This is primarily through a consolidation of recommended data standards and interfaces. Early documentation such as the Lunar surface Data Book
 help to provide broad context on the types of operational areas and conditions for the Artemis missions, providing background information and reference data. In terms of interoperability, two key standards are being utilized to ensure compatibility between elements. On the user side, this is primarily through the development of the ICSIS standards
 which was initially developed to help guide spacecraft development of common standards for integration with ground stations and other vehicles. This standard is applied across the Artemis Architecture to ensure a consistent set of standards and approaches. On the other side of the interface, the LunaNet Interoperability Specification
 is being used to define a common set of provider standards and services that will be made available to potential users. The integration and use of these two standards will be key to ensuring an operational architecture. 

Similarly, extensive testing such as compatibility verification will be required between systems, such as the AFS signals and cross-vehicle radiometric ranging, to ensure proper operation. These tests are under active definition and processes being worked to assign roles and responsibilities in the overall implementation of this functions. This end-to-end testing will be key validation testing ahead of any mission and its coordination will be a key function of systems engineering and integration offices to coordinate across elements, and enable service-provider to service-provider integrated testing and demonstrations. 
Architectural Growth and Future Challenges 

As the Artemis missions continue, an increased number of elements and functions will be deployed to the lunar surface.  These elements, such as the Pressurized Rover
 and Multi-purpose Habitat
 will enable greater distance traverses as well as the potential for increasing crew presence on the lunar surface. As these elements are joined for future sustaining exploration elements like surface power
 and in-situ resource utilization
, the primary area of operations will include a much larger number of users beyond what is planned for Artemis V (2 crew, rover, and lander). As the use case expand, the infrastructure and support must also be grown to enable integrated operations, in terms of surface area and duration. As identified in existing programs, initial PNT coverage by NASA-sponsored systems introduces constraints in terms of operational support impacting both traverse duration and scheduling. Initial developments will be focused on developing the right mix of international LunaNet-compatible implementations as well as expanding service volumes and availability to meet long-term needs, as defined by Expanded Operational Capabilities or future deployment of dedicated large-scale navigation relay infrastructure. 
A parallel path is the broad implementation of surface communication and navigation capability to the lunar surface itself. Several commercial partners proposed such infrastructure as part of DARPA’s Luna-10 Studies
. These systems can enable support for more users with the ability to meet higher precision needs over time. Similarly, many of these communication capabilities have built-in localization capabilities that can augment planned orbital assets, enabling functions like LunaNet monitoring stations, local correction stations, and surface-based radiometric sources. An example of these is the bevy of localization techniques possible with integrated Wi-Fi
 or 3GPP networks
, some examples of which are shown below in Figure 9. In this images, multiple approaches that are used in terrestrial cellular infrastructure can be used to augment and support orbital navigation infrastructure.
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Figure 9. Potential for 3GPP/5G to Support Navigation (Qualcomm)

In addition to expanded operations and number of users, eventual needs will require tighter time synchronization among users and to enable high precision scientific observations. To enable this, local high stability timing references will be needed to define and track Lunar Coordinated Time (or LTC). Recent direction from the White House Office of Science and Technology
 lays out the needs for leadership in implementation of this capability across federal agencies. Currently international bodies are beginning to lay the groundwork for this capability
. It is expected that NASA-sponsored services and technology, including algorithms and observation techniques, will be a cornerstone of this implementation, relying heavily on clocks deployed to the lunar surface with the ability for tight time synchronization and observation between the lunar surface, lunar orbit, and terrestrial references. Similar these kinds of observations and anchoring of surface locations across the lunar surface can help inform a coordinated Lunar Reference System to provide increased insights into lunar orientation and geophysical parameters. 
The implementation of these capabilities becomes a fifth pillar of the Artemis navigation architecture: Deployed Surface Infrastructure. These elements may be deployed farther across the lunar surface as opposed to focused South Pole exploration. This can be considered to include networks of retroreflectors across the lunar surface

 on either Artemis or CLPS elements. The integration of these functions helps to improve understanding of the lunar reference system while at the same time providing additional local capability to the surface users in terms of communication coverage, bandwidth, real-time localization with increased precision, and health and safety monitoring of local constellations. These will help to augment other systems, laying the continued groundwork for continued and expanded lunar exploration.
oPPORTUNITIES FOR aUGMENTATION

As the architecture continues to evolve and mature, there is the potential to augment and support the baseline navigation techniques through the infusion of new technologies. Several technologies will be described in this section as elements not formally part of vehicle baselines currently but can lead to unique capabilities. This is particularly important as it provides an opportunity for demonstration and commercialization of alternate navigation techniques that can both grow the sustaining market and enable enhanced capability.

The deployment of LCRNS is one area that exemplifies this approach and its benefits. With the procurement of these services, NASA is making available to all of its service providers a network of broadcast navigation signals that can be used for surface and orbital navigation. While the exact contractual mechanism for provider-to-provider services is developed, it is intended and expected that these services will be offered to other commercial missions. As such, a market is being generated for compatible receivers, navigation software, and signal generators. With the deployment of these signals, further enhancements can also be implemented as needed. Similar to GNSS systems, static surface assets with high accuracy clocks can be used to track the ephemeris and timing errors of the LCRNS assets, providing enhanced navigation capability in real-time or post-processing. Additionally, these services could eventually be evolved to provide a Real-Time Kinematic (RTK) like high precision solution for surface users in a local area through the distribution of these corrections and differential techniques. 

Another area of possible improvement and growth is through the deployment and usage of (semi- or) permanent surface infrastructure. These elements are being considered to provide additional capability to an Artemis Base Camp in areas such as communications and power. These fixed assets provide an excellent avenue for deployment of high accuracy timing sources that can operate as fixed local reference clocks and can be evolved to provide Lunar Time with a relationship to a terrestrial Master Clock issuing UTC. These can either be used to transmit pseudolite signals or utilize other standards to operate as surface-based navigation signal transmitters to augment and provide additional density to orbital signals. Similarly, if deployable, these could be placed in areas to provide focused signals where one from orbit do not reach, such as caves or lava tubes.

Terrestrial GNSS systems can also provide an augmenting capability for lunar navigation to and in lunar orbit as well as from the surface. This approach requires line of sight to earth and high gain antennas to enable reception of the terrestrial-generated signals. By observing these over long periods, users can also determine an autonomous position solution relative to Earth.  Use of GNSS is constrained to line of sight, hence of limited utility to elements depending on their location on the Moon. Key use cases here include the support of orbital assets where these types of systems can reduce the reliance on terrestrial ground tracking systems, while autonomous optical navigation techniques are deployed. Of high value is their usage to support operations in NRHO. This area is currently outside of the primary operational volume of LCRNS and will be heavily reliant on Earth-based tracking to maintain a vehicle’s state and time knowledge. These types of sensors are being considered for potential inclusion into various elements.  Multiple missions are imminently planned to demonstrate these techniques in Lunar orbit and from the surface through the LuGre payload on Firefly’s Blue Ghost Lander
 as well as the NaviMoon payload being integrated into ESA’s Lunar Pathfinder missions
. As this technology moves from demonstration into flight hardware, it will be critical that all of these systems be aligned in time and reference system to ensure consistent application in the lunar environment.
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Figure 10. LuGRE (NASA/GSFC)

For many of these technologies, NASA will play a fundamental role in technology development and provide opportunities for risk reduction and demonstration as hosted payload across the architecture, either on Artemis or partner calls for surface payloads being hosted via CLPS partners. As these elements are deployed to the lunar surface, NASA’s primary role shifts to requirements development and integration, ensuring that systems all operate as part of a consistent architecture to enable a broad range of uses and capabilities for lunar exploration.
Conclusion

As shown in this paper, the navigation architecture for the Artemis has many opportunities and challenges to enable the level of supports and capability needed to support the individual programs. A summary of the high level challenges, navigation functions and applicability, as well as the primary elements of the overall architecture have been described. For the Artemis missions, this includes a breadth of work done across NASA programs, key commercial service providers, as well as other international contributions. 

While the technical challenges herein represent challenged that require innovative solutions through state of the art technologies, the systems engineering and integration needs will also require innovation and new approaches. With the continued shift towards increased reliance and dependence of commercial partners through the service procurement model, the management and control of inter-vehicle interfaces and interoperability standards pose some of the highest risk. This is not just in terms of implementing and defining these specifications, but also in terms of their verification, validation, and demonstration. Each of these missions represents a new “first” in terms of operational capability, and righ-sizing analysis insight, ground testing, and technical review will be key to meeting the Moon to Mars objectives. But given these deployed capabilities, the door is opened to a new stage of lunar exploration with the baseline capabilities to enable a wide range of unimaginable achievements. 
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