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This √a√er describes and √redicts the √erformance of a conce√tual autonomous GPS-based navigation system for NASA's √lanned Lunar Gateway. The system is based on the�ight-√roven Magnetos√heric Multiscale (MMS) GPS navigation system augmented with anEarth-√ointed high-gain antenna and, o√tionally, an atomic clock. High-�delity simulations,calibrated against MMS �ight data and making use of GPS transmitter √atterns from theGPS Antenna Characteri︷ation Ex√eriment √roject, are develo√ed to √redict √erformanceof the system in the Gateway Near-Rectilinear Halo Orbit. The results indicate that GPScan √rovide an autonomous, realtime navigation ca√ability with com√arable, or su√erior,√erformance to a ground-based Dee√ S√ace Network a√√roach using eight hours of trackingdata √er day.
INTRODUCTION

NASA has develo√ed an ambitious √lan to return to the Moon within the next few years. It begins withthe Orion s√acecraft's �rst √lanned lunar �ight in 00. This will be followed by the �rst com√onent of as√ace station known as the Lunar Orbital Platform-Gateway or sim√ly Gateway in 0. Two years later thehabitation modules will arrive enabling an extended human √resence around the Moon [7]. This lunar √ushis ex√ected to be mirrored by other s√ace agencies and commercial entities. One challenge common to all ofthese efforts will be the generation of accurate, real-time, √otentially onboard, navigation solutions. Tradi-tionally, lunar missions have relied on ground tracking using the Dee√ S√ace Network (DSN) as their baselinea√√roach for navigation. However, the cost, √erformance, and availability limitations of DSN, es√ecially witha √roliferation of commercial lunar s√acecraft, could be √roblematic for many missions. Furthermore, thedemonstrated cost and science bene�ts of onboard navigation would not be reali︷ed through ground basednavigation algorithms. In the case of Gateway, autonomous navigation could be es√ecially bene�cial duringextended √eriods of uncrewed o√erations. The system could also function as a key navigation and timinginfrastructure com√onent for other √ayloads and ex√eriments on the Gateway. In this √a√er, we show thatGlobal Positioning System (GPS) and Global Navigation Satellite System (GNSS)-based navigation can √ro-vide a √ractical, low-cost, high-√erformance autonomous navigation solution for Gateway and other missionsin the lunar regime.*Over the √ast two decades, NASA and its √artners have extended the a√√licability for GPS-based s√acenavigation to users beyond Low-Earth Orbit (LEO). On the constellation side, we are working to ex√andthe high-altitude S√ace Service Volume (SSV) of GPS and multi-GNSS systems []. We are also develo√ingand re�ning high-altitude GPS receiver technology to √ush the envelo√e of √otential a√√lications [1, 1].This effort has culminated in a signi�cant breakthrough that has occurred over the last few years, as severalcivilian missions have demonstrated the bene�ts of onboard, high-altitude GPS-based navigation. Some
*While this √a√er focuses √rimarily on GPS-based navigation, its conclusions generally a√√ly to GNSS-based navigation as well.
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notable missions include the Geostationary O√erational Environmental Satellite (GOES)-16 and 17 missions,launched November 016 and March 018, res√ectively, o√erating at Geosynchronous Earth Orbit (GEO).More relevant to the √resent work is the record-setting Magnetos√heric Multiscale (MMS) mission (launchedMarch 01) that has demonstrated excellent onboard GPS-based navigation in a highly elli√tic orbit with acurrent a√ogee radius of  RE (40% of the lunar distance) and √lanned a√ogee of 9 RE. These advanceshave √aved the way towards the next frontier for the high-altitude GPS/GNSS, the cis-lunar and lunar regimes,which we ex√lore in this √a√er for NASA's Lunar Gateway.The remainder of the √a√er is organi︷ed as follows. First, we analy︷e a sim√li�ed GPS √roblem to illustratea challenge of high-altitude GPS navigation, vi︷., that range and clock errors tend to dominate the lateralerrors. We also discuss a few mitigations. Next, we review the MMS GPS-based navigation system anddescribe how it can be ada√ted for the Gateway a√√lication through the addition of a high-gain antenna andan o√tional atomic clock. The subse√uent section describes the high-�delity simulation that we em√loyedfor this study, where we focus on the careful calibration of the simulated GPS sidelobe signal levels usingMMS �ight data. Next, we describe the con�guration of our simulation to model both uncrewed and crewedGateway scenarios, √atterned after the setu√ in [11]. We also discuss the develo√ment of our baseline GroundStation (GS) tracking scenario. Finally, we com√are results from Monte Carlo simulations of three differentnavigation schemes run for a crewed and uncrewed Gateway: a GS tracking baseline, GPS with an MMS-likeUltra-Stable Oscillator (USO), and GPS with a commercial s√ace-rated atomic clock. From these results wedraw our conclusions on the feasibility of our a√√roach.
ERROR SCALING FOR HIGH-ALTITUDE GPS NAVIGATION

As a s√acecraft travels away from Earth, the geometry it sees with res√ect to Earth-bound navigationsources √rogressively degrades, resulting in reduced achievable navigation accuracy. For two-way radio-metric ranging systems, like DSN, lateral errors grow with increasing distance from Earth, but range errorsremain stable, as local timing errors cancel. Conversely, in a one-way ranging system, such as GPS, wherelocal timing errors do not cancel, it has been observed (e.g., [, 1]) that range and clock errors grow morera√idly with distance than lateral errors, eventually becoming the dominant error source. In this section, we√uantify this observation through a Dilution of Precision (DOP) analysis of a sim√li�ed high-altitude GPS√roblem. The analysis shows that, for GPS √oint √ositioning, lateral error standard-deviations grow linearlywith distance from Earth, while range and clock error standard-deviations and their root-cross-covariancesgrow √uadratically.To gain some intuition, recall that range and clock bias are not inde√endently measured, but are entwinedin the √seudorange measurement. Far from Earth, identical range and clock increments will result in nearlyidentical changes to the √seudoranges. Lateral √osition errors, while becoming more sensitive to √seudorangeerror with increasing distance, are in some sense inde√endent of clock error since lateral motion can bedirectly detected in the clock bias free difference of √seudoranges.Consider the sim√le two-dimensional situation shown in Figure 1. Taking the usual a√√roach to GPS √oint√ositioning and lineari︷ing the √seudorange measurement e√uations, in this case around the √oint (0; d; 0) in
(l; r; c) = (lateral, range, clock) coordinates, leads to
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where z � p1 + d2, and each row of H is a unit vector from transmitter to receiver, augmented with a thirdcolumn entry of 1 for clock bias, and n is ︷ero mean white noise with com√onent variance �2, as s√eci�ed.Letting H 0 be the trans√ose of the matrix H shown in E√. (1), the covariance matrix of the least-s√uaresstate increments (H 0H)�1H 0�� is given by �2 times the so-called DOP matrix (H 0H)�1. It is instructive tonumerically examine the form of this matrix for the case of d� 1. Doing so con�rms the claimed decou√lingof lateral errors from range/clock errors and the extreme correlation and large range/clock variances. One can
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(a) Ground tracking √osition. (b) Ground tracking velocity.

(c) GPS with USO √osition. (d) GPS with USO velocity.

(e) GPS with RAFS √osition. (f) GPS with RAFS velocity.
Figure 10: Navigation √erformance on the crewed trajectory. Ground tracking baseline (to√), GPS withUSO (middle), and GPS with RAFS (bottom).
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Figure 7: Earth-Moon L Southern NRHO in rotating coordinates √ro√osed for the Lunar Gateway.
Disturbance �V Magnitude PeriodPSA √uffs* 8:3480� 10�4 m/s 10 minAttitude deadbands 2:0043� 10�5 m/s 70 minAttitude slews 6:9751� 10�4 m/s . hoursWastewater dum√s 1:8840� 10�3 m/s .0 hours

Table 3: Disturbances modeled in Crewed trajectory from [11].
additional constant √rocess noise contribution was included to model the additional disturbances.
Ground station tracking baseline con�guration and validation

Reference [11] √rovides results from Monte Carlo simulations √erformed to characteri︷e the navigationaccuracy achievable for both the NRHO uncrewed and crewed trajectories using DSN-like two-way rangeand Do√√ler measurements for several different tracking schedules. To √rovide a means of com√arison ofnavigation achievable using GPS measurement versus GS tracking measurements for the current study, GSmeasurements were simulated and √rocessed using the GGMS and GEONS. For both the GS and the GPSsimulations, a 0-case Monte Carlo simulation was run that varied initial state errors, measurement noises
Truth Trajectory Simulation GEONS Filter Pro√agationPlanetary E√hemeris JPL DE 0 JPL DE1Pont Mass Gravity Sun, Earth, Venus, Mars, Ju√iter,Saturn Sun, Earth, Venus, Mars, Ju√iter,SaturnLunar Gravity Model 0x0 GRAIL PRIM660 0x0 LP100KSolar Radiation Pressure S√herical ,000 kg, 80 m2,CR = 2:0

S√herical ,000 kg, 80 m2,CR = 2:0 + 0:2 (1�)Orbit Maintenance �V s at a√oa√sis Planned Planned + 3% (1�) Maneuverexecution error
Table 4: Dynamic models used in simulation.
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Noise/Bias Ty√e Value (1�)Measurement Rate 0 sRange Noise .0 mRange Bias 0. mDo√√ler Noise 0. cm/sDo√√ler Averaging Interval 0 s
Table 5: Ground tracking simulation √arameters.

and biases, maneuver disturbances, and solar radiation √ressure coef�cient errors.* In the ground trackingscenario, only Gateway √osition and velocity states were estimated. The initial covariance assumed thea √riori states were anchored by suf�cient ground tracking (and/or GPS) and is re�ective of uncertaintiese√uivalent to 1 km (1�) and 0.0 m/s (1�) each axis. For the ground tracking baseline, we used a trackingschedule of eight hours of two-way range and Do√√ler tracking from a single station each day alternatingbetween stations located at Canberra (Australia), Goldstone (California), and Madrid (S√ain). Table  liststhe ground tracking measurement assum√tions used in this study which are modeled on, though not identicalto, a medium-level-of-tracking case used in [11]. It is worth noting that the level of tracking used here isroughly twice as dense as the  √asses/week √lan used in [9].Our GGMS GS simulation results were validated by com√aring to the results √rovided in [11] for the sametracking schedule. In both the uncrewed and crewed cases, we obtained fully consistent results.
GPS con�gurations

For the next set of simulations we con�gured the GGMS to model the Navigator GPS in the GatewayNRHO under the crewed and uncrewed disturbance scenarios. We used the calibrated GPS model √arametersdescribed above, but included the 1 dBi high-gain antenna,� and either the MMS-like USO or the RAFSclock models.For the GPS cases, in addition to √osition and velocity states, we estimate clock bias, rate, and acceleration.The initial √osition and velocity covariances were set to the same values as the GS con�guration given inthe √revious section, and the initial clock root-covariance and errors were set to 0:5 s, 2 � 10�7 s/s, 1:2 �
10�15 s/s2. U√ to 1 GPS √seudorange measurements were simulated every 0 s with a sim√le additiverandom error model of 10 m below, and  m above, a 0 dB-H︷ strong signal threshold (all 1�). GPSvisibility was assessed based on the GPS link model, E√. (), a receiver sensitivity of  dB-H︷, and a√robabilistic model of the Navigator receiver's ac√uisition and tracking √erformance.Figure 8 shows the number of GPS signals tracked and C=N0 for a ty√ical GPS run where the receivertracked  GPS signals on average, with a standard deviation of about 1. signals. Com√lete outages wererare and brief. Most tracked signals are weak sidelobe transmissions below 0 dB-H︷. This is consistentwith our ex√ectation that the visibility at lunar distance with the conce√t 1 dBi high-gain antenna should besimilar to that seen on-orbit at MMS Phase B a√ogee. Tracking √erformance looks similar at all √oints inthe simulation since the view to the GPS constellation is similar throughout the NRHO.

*The Monte Carlo simulations were limited to 0 cases to meet constraints in √re√aring the √a√er. While this is a modest si︷e,we argue here that it √rovides reasonable con�dence in the results. Assuming the �lter errors at each √oint-in-time across trials areinde√endent and identically-distributed Gaussians, (an assum√tion that holds only a√√roximately at best), then e.g., a 90% con�denceinterval for the √o√ulation standard deviations � may be obtained as fp(M � 1)s=
p
b � � �

p
(M � 1)s=

p
a)g, where s is thesam√le standard deviation, M = 40 and a and b are 0.0 and 0.9 critical values of a �2-distribution with M � 1 degrees of freedom,c.f., []. The length of this interval relative to s is a reasonably small, constant 39%. With a bit more effort, a con�dence interval for the√o√ulation Root Mean S√uare (RMS) error, whose orbit averages are used for summary statistics below, can be obtained whose lengthrelative to the sam√le RMS has been observed to be limited to around 60%.�To model the high-gain antenna, we used the MMS antenna √attern and orientation and sim√ly changed its √eak gain value to 1 dBi.Thus, like MMS, the antenna is doughnut-sha√ed with √eak gain remaining a√√roximately in the ecli√tic √lane. This does not correctlymodel the conce√t antenna, a de�ciency we intend to u√date in future work. For the √ur√oses of this analysis, it is conservative assuminga two-axis antenna √ointing √latform, since the conce√t system's antenna boresight would remain √ointed at the Earth to within a fewdegrees, whereas in the √resent simulation, GPS signals can be received off-boresight u√ to 15� near a√olune.
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Figure 8: Ty√ical number of GPS signals tracked (to√) and C=N0 (bottom) in the NRHO.
SIMULATION RESULTS FOR THE UNCREWED TRAJECTORY

Figure 9 shows navigation results on the uncrewed trajectory from the 0-case Monte Carlo simulationfor each of the three sensor con�gurations. The to√ row of √lots show the GS baseline, the middle row hasGPS with the USO, and the bottom row shows GPS with the RAFS. Position errors are shown on the leftand velocity errors are shown on the right. Each √osition or velocity result is √resented as a √air of sub√lotswith the range error (along the direction from the center of the Earth to the Gateway) shown on the to√,and Root Sum S√uare (RSS) lateral error (in the √lane √er√endicular to the range direction) shown on thebottom. Clock errors are not shown for the GPS con�gurations since they are essentially the same as therange errors due to the high correlation between range and clock errors at lunar distances. Recall that clockerrors are not estimated for the GS con�gurations. In each √lot, the individual error trajectories are shown inthin grey lines, while the mean over the 0 cases of the -sigma root-covariance is shown in a thick green line.Table 6 √rovides summary statistics for each con�guration s√lit into range and RSS lateral error com√onentscom√uted as -times the RMS error taken over the 0 Monte Carlo runs. This is similar to a -sigma errorbut without the mean removed. This metric is then averaged over the last 6. day orbit of the simulation.*We note the following observations:
� GPS lateral √osition and velocity errors are very similar for the two GPS clock con�gurations and arefar smaller than the GS baseline.� The GS baseline has su√erior range √osition and velocity √erformance com√ared to the GPS with USOcon�guration, re�ecting the challenge of resolving range and clock errors.� After an initial convergence √eriod, the range and range velocity errors for the GPS with RAFS con�gu-ration become much smaller than the GS baseline, so that the GPS with RAFS √erformance com√letelyout√erforms that of the GS baseline after a few orbits. This convergence time will be reduced if wewere to start with a smaller initial clock error, recalling that we initiali︷ed the �lter with a relativelylarge 0:5 s (1�) clock bias error.

*It may be more valuable to com√ute such summary statistics averaged over time intervals just √rior to the a√olune orbit maintenancemaneuvers, rather than averaged over the �nal orbit, since current Gateway re√uirements seem to focus on velocity knowledge availablefor √lanning these maneuvers, see [9]. Such errors can be estimated from our results by examining the √lots just √rior to the a√olunemaneuver, which is a√√arent from the minor velocity s√ike that occurs after each maneuver, halfway between √airs of larger √erilunes√ikes.
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Uncrewed scenario - -RMS error, averaged over last orbitPos Range Pos RSS Lateral Vel Range Vel RSS LateralGround Tracking .9 m 67. m 1.0 mm/s 10.6 mm/sGPS with USO 0.9 m 1. m 1.9 mm/s 1. mm/sGPS with RAFS 8. m 0. m 0. mm/s 1. mm/s
Table 6: Uncrewed scenario summary statistics.

Crewed scenario - -RMS error, averaged over last orbitPos Range Pos RSS Lateral Vel Range Vel RSS LateralGround Tracking 0. m 81.8 m 18. mm/s 1. mm/sGPS with USO 909.7 m 79.0 m 18.9 mm/s 1. mm/sGPS with RAFS 1. m 76.9 m . mm/s 11.9 mm/s
Table 7: Crewed scenario summary statistics.

� The velocity errors show a major s√ike at each √erilune, and a minor s√ike at the a√olune orbit main-tenance maneuver. The √erilune s√ike is in-√art due to the additional √rocess noise added there to√revent divergence, and in-√art inherent in the weak stability of the NRHO. The minor s√ike after themaneuver may be reduced through the use of a high-√uality Inertial Measurement Unit (IMU) to senseaccelerations more accurately than the modeled 3% (1�) maneuver error.� The √erilune velocity error s√ike generally integrates u√ to a √osition error s√ike exce√t, √erha√s inter-estingly, in the GPS con�gurations for the range com√onent of √osition. Instead, the GPS range errorsseem to be minimi︷ed at √erilune. A √ossible ex√lanation for this observation is that high √erilunedynamics and additional √rocess noise added thereabouts reduces the range and clock correlation andallows the �lter to resolve the range com√onent of error much better. By √lotting the range and clockerror correlation coef�cient, not included here, we observed that it does indeed reduce abru√tly at each√erilune √ass.
SIMULATION RESULTS FOR THE CREWED TRAJECTORY

Figure 10 and Table 7 show analogous results for the crewed scenario. A similar set of observations can bemade here as for the uncrewed scenario. However, in the crewed scenario, the bene�ts of GPS over the GSbaseline a√√ear to be am√li�ed. In all con�gurations, the additional disturbances from the crew o√erationsresult in degraded √erformance relative to the uncrewed scenario, but the degradation seems to be signi�cantlyworse for the baseline GS con�guration. For exam√le, while the GPS lateral √osition summary errors, againsimilar for two GPS con�gurations, a√√roximately double as com√ared to the uncrewed scenario, the baselineGS lateral errors increase by a factor of almost 0. While the √osition range error summary statistics for theGS con�guration are still better than the GPS with USO, the difference is smaller com√ared to the uncrewedcase, and the range velocity errors are almost the same for GPS with USO when com√ared with the GSbaseline. Finally, we note that the GPS with RAFS, after convergence, again out√erforms the GS baseline,but by a signi�cantly larger factor than in the uncrewed scenario.
CONCLUSION

The simulations √resented in this √a√er make use of two recent high-altitude GPS datasets, the �ight re-sults from the Magnetos√heric Multiscale Mission and the measured GPS transmit √atterns from the GPSAntenna Characteri︷ation Ex√eriment, to √rovide a well-calibrated √rediction of the √erformance of a GPSbased navigation system for the √ro√osed Lunar Gateway. The conce√t system is based on the MMS GPSnavigation system, currently navigating the four MMS s√acecraft in elli√tic orbits with a√ogee at 40% lunardistance, augmented with a roughly 0 cm high-gain antenna and, o√tionally, with an atomic clock. Theresults are clear: GPS can √rovide a sim√le, high-√erformance, onboard, autonomous navigation solution for
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(a) Ground tracking √osition. (b) Ground tracking velocity.

(c) GPS with USO √osition. (d) GPS with USO velocity.

(e) GPS with RAFS √osition. (f) GPS with RAFS velocity.
Figure 9: Navigation √erformance on the uncrewed trajectory. Ground tracking baseline (to√), GPS withUSO (middle), and GPS with RAFS (bottom).
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