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ABSTRACT 

NASA, Advanced Space, Terran Orbital, Rocket Lab, Stellar Exploration, JPL, the Space Dynamics Lab, and Tethers 

Unlimited have partnered to successfully develop, launch, and operate the Cislunar Autonomous Positioning System 

Technology Operations and Navigation Experiment (CAPSTONE) mission, which is serving as a pathfinder for Near 

Rectilinear Halo Orbit (NHRO) operations around the Moon. This low-cost, high-value mission has demonstrated an 

efficient, low-energy orbital transfer to the Moon and a successful insertion into the Near Rectilinear Halo Orbit 

(NRHO), the intended orbit for NASA’s Gateway lunar orbital platform. The mission is now demonstrating operations 
within the NRHO that ultimately will serve to reduce risk and validate key exploration operations and technologies 

required for the future success of NASA’s lunar exploration plans, including the planned human return to the lunar 

surface. Over the next 9+ months, CAPSTONE will continue to validate these key operations and navigation 

technologies required for the success of NASA’s lunar exploration plans. This paper will include an overview of the 

current mission status, lessons learned from the launch, transfer, and insertion into the NRHO, a summary of the 

challenges encountered thus far, and an overview of the successful mission operations technology demonstrations thus 

far. 
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INTRODUCTION 

The CAPSTONE mission is a pathfinder for Near 

Rectilinear Halo Orbit (NRHO) operations that will be 

vital for the future NASA Lunar Gateway activities. 

Launched on June 28, 2022, by a three stage Rocket Lab 

Electron rocket, and utilizing a highly capable 12U 

CubeSat, CAPSTONE has been successfully operating 

in the NRHO since November 13, 2022. The 

CAPSTONE spacecraft has recently performed its 15th 

Orbit Maintenance Maneuver (OMM) to maintain the 

baseline NRHO. Additionally, the spacecraft has 

successfully performed 8 CAPS technology ranging 

communications passes in collaboration with the Lunar 

Reconnaissance Orbiter (LRO) team at NASA’s 

Goddard Space Flight Center to demonstrate the CAPS 

autonomous navigation system. 

Partnering with Terran Orbital, Stellar Exploration, and 

Rocket Lab as well as working closely with NASA 

through multiple centers, the CAPSTONE mission 

represents not only the first steps to laying the foundation 

of the Artemis Program but also a different way of 

collaboration. By utilizing the best features of 

commercial and governmental capabilities, this 

technology demonstration is being executed in a rapid 

and low-cost mission not typically seen in more 

traditional NASA small-mission contracts. 

Success criteria achieved thus far for CAPSTONE 

include 1) semi-autonomous operations and orbital 

maintenance of a spacecraft in an NRHO, 2) collection 

of inter-spacecraft ranging data in support of the 

autonomous navigation process, and 3) execution of the 

CAPS navigation software in an autonomous mode on-

board the CAPSTONE spacecraft. The CAPS software 

enables cislunar missions to manage their navigation 

functions themselves and reduces the reliance on Earth 

based systems. Additionally, CAPSTONE has 

demonstrated an innovative one-way ranging navigation 

approach utilizing a Chip Scale Atomic Clock (CSAC) 

in combination with autonomous navigation algorithms 

developed by JPL. 

In addition to the orbital and operational focuses of this 

demonstration, the mission serves as a technology 

demonstration of an Advanced Space navigation product 

developed via a NASA SBIR that concluded its Phase II 

period of performance and has been extended into Phase 

III for this demonstration mission. The Cislunar 

Autonomous Positioning System (CAPS) is Advanced 

Space’s solution to the lunar congestion predicted to 

dramatically increase in the coming years as 

government, commercial, and international interests 

bring more missions into the cislunar environment in and 

about the Moon. By demonstrating this absolute 

navigation capability on the CAPSTONE mission, it will 

also rapidly raise the Technology Readiness Level 

(TRL), commercialization, and infusion of CAPS in 

preparation of the cislunar traffic to come. 

The CAPSTONE mission is funded through NASA’s 

Small Spacecraft Technology Program (SSTP), which is 

one of several programs in NASA’s Space Technology 

Mission Directorate. SSTP is chartered to develop and 

demonstrate technologies to enhance and expand the 

capabilities of small spacecraft with a particular focus on 

enabling new mission architectures through the use of 

small spacecraft, expanding the reach of small spacecraft 

to new destinations, and augmenting future missions 

with support from small spacecraft. 

This paper will provide an overview of the mission, 

through its objectives and operations, as well as insight 

into the technology demonstration payloads and their 

significance to both this mission and future ones and 

provide an update on the ongoing mission operations to 

date. 

MISSION OBJECTIVES 

The CAPSTONE mission has objectives that will serve 

the interests of NASA, Advanced Space, and future 

participants in the cislunar ecosystem. Detailed below, 

the objectives cover science, technology, and mission 

operations as part of the overall demonstration that 

CAPSTONE will perform: 

1. Validate and demonstrate NRHO / highly dynamic 

Earth-Moon Operations 

The first mission objective is focused on mitigating 

technical uncertainties associated with operating in the 

uniquely beneficial and challenging orbital regime 

defined as Near Rectilinear Halo Orbits. This objective 

included demonstrating navigation capabilities and 

validating stationkeeping strategies and operational 

simulations. This objective directly supports future 

missions through the dissemination of operational 

information and by obtaining operational experience in 

this unique orbital regime. 

2. Inform future lunar exploration requirements and 

operations 

The second CAPSTONE mission objective is focused on 

building experience operating in complex lunar orbital 

regimes to inform future lunar exploration requirements 

and operations, including human exploration flights with 

lower risk thresholds and higher certainty of success 

requirements. This includes the establishment of 

commercially available capacity to support NASA, 

commercial, and international lunar missions in the 

future. This objective also seeks to demonstrate the 

capacity of innovative NASA-industry approaches to 
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rapidly bring capabilities to the Moon and challenge 

current expectations for cost and schedule. 

3. Demonstrate and accelerate the infusion of the 

Cislunar Autonomous Positioning System (CAPS) 

The third objective is focused on demonstrating core 

technical components of CAPS in an orbital 

demonstration. This objective includes collaboration 

with the operations team at NASA Goddard Space Flight 

Center to demonstrate inter-spacecraft ranging between 

the CAPSTONE spacecraft and the Lunar 

Reconnaissance Orbiter (LRO) currently in operation at 

the Moon. In addition to demonstrating key inter-

spacecraft navigation in cislunar space, CAPSTONE is 

enhancing the technology readiness level of the CAPS 

software. This accelerated maturation permits this 

system to be available to support near term flight plans 

to the Moon and to be more widely adopted by future 

lunar missions and thus increase the value of this peer-

to-peer navigation capability. 

MISSION OVERVIEW 

Mission Timeline/Contract 

Proposed and funded in mid-2019, the CAPSTONE 

mission was awarded a SBIR Phase III contract through 

NASA’s Small Spacecraft Technology Program (SSTP). 

This mission represents a new way of commercially 

partnering with NASA to enable rapid and cost-efficient 

technology demonstrations for highly condensed returns 

in experience to inform near-term operational needs. An 

initial  level one objective of was to achieve launch 

readiness within 18-24 months of contract award 

however,  because of COVID related supply chain issues 

affecting the entire spacecraft development and delays in 

the implementation and testing of both the spacecraft and 

the Rocket Lab Lunar Photo stage, the mission was 

actually launched ~33 months after contract award.  

Hardware 

The CAPSTONE spacecraft is a 12U CubeSat (Figure 1, 

Table 1) that was designed built by Terran Orbital based 

on their existing commercial 12U satellite bus. In 

addition to the CAPS payload flight board, CAPSTONE 

also includes a color commercial CMOS imager for 

generating images of the Earth and Moon, two 

communication systems (X-band and S-band) as well a 

CSAC for generating additional 1-way navigation data. 

The X-Band system is used to communicate with the 

ground though the Deep Space Network(DSN), while 

the S-Band system continues to perform radiometric 

measurements with LRO to gather data for the CAPS 

payload. The mature Space Dynamics Lab supplied Iris 

X-Band system is being used for both two-way 

communication and ranging as well as part of the 1-way 

ranging experiment, while the S-Band system will 

perform radiometric measurements with LRO to gather 

data for the CAPS payload using a S-Band patch array 

antenna.  

 

 

Figure 1: CAPSTONE spacecraft in a deployed 

(top) and stowed (bottom) configuration. 

The spacecraft hosts a monopropellant hydrazine 

propulsion system designed and developed by Stellar 

Exploration, Inc., providing over 240 m/s of total ΔV 

with eight 0.25-Newton thrusters. Four are used for 

translational maneuvers and attitude control, and four are  

used for attitude control and momentum desaturation. 
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Table 1: CAPSTONE S/C Key Characteristics 

 

Payloads 

The CAPS navigation software is hosted on a separate 

flight computer from the spacecraft’s primary redundant 

flight computer boards and will operates distinctly from 

that C&DH system. Being hosted on a separate board 

allows for the CAPS software to be updated and 

modifications are possible (and have been made) 

throughout the demonstration as observations are 

returned, without disrupting the operations of the 

primary flight computer(s). 

Described further below, the CAPS development 

received follow-on funding through a Phase II-E SBIR 

award to support development and integration of an 

additional component added to the CAPSTONE 

spacecraft design. An integrated  Chip Scale Atomic 

Clock (CSAC) is providing an additional data 1-way 

ranging type using the Iris X-Band radio for navigation 

measurements to support CAPS when other methods are 

not readily available. A significant part of the 

demonstration is now testing the capability of CAPS to 

ingest these CSAC time tagged measurements in 

addition to the LRO crosslink and ground-link inputs 

from the DSN. 

Operations Overview Thus Far 

The mission launched on June 28th, 2022 and after an 

approximate four-month, low energy deep space 

transfer. After a series of  Trajectory Correction 

Maneuvers (TCMs), the spacecraft inserted into the 

NRHO ion November 13, 2022. Since that time, the 

spacecraft has completed its Baseline Mission on May 

13th, 2023 and has now been in the Enhanced Mission 

phase for the past 3 months and will last an additional  9 

months for a total of 18 months in the NRHO. 

Launch 

The CAPSTONE spacecraft launch (Figure 3) was 

carried out on a dedicated three-stage Electron, a launch 

vehicle developed by Rocket Lab that includes the first 

ever use of the Lunar Photon upper stage (Figure 2). 

After launching into a low Earth orbit from the Rocket 

Lab LC-1 on Mahia Peninsula, NZ at a latitude of 

approximately -39°, the Lunar Photon third stage 

performed a series of apogee raising maneuvers to 

achieve the Trans-Lunar Injection (TLI) characteristic 

energy, C3, of approximately -0.6 km2/s2 that put the 

spacecraft on its deep-space Ballistic Lunar Transfer 

(BLT) trajectory. A true ballistic BLT (no deterministic 

maneuvers) requires an instantaneous Sun-Earth-Moon 

geometry; however, for CAPSTONE a deterministic 

apogee maneuver was required  in order to build the 

flexible Trans Lunar Injection (TLI) launch period, as 

well as target a constant, specific NRHO arrival time and 

geometry.1,2 

BLT Maneuver 

From the post-launch TLI deployment state, the 

spacecraft traversed the low-energy Ballistic Lunar 

Transfer (BLT), which is a very energy-efficient means 

of transferring from the LEO environment to an orbit 

near or about the Moon. BLTs are a type of low-energy 

transfer in which a spacecraft travels to an apogee of 1-

1.5 million kilometers to utilize the Sun’s gravity to 

modify the spacecraft’s orbital perigee and inclination.1,2 

For CAPSTONE, this effect is used to decrease the 

inclination from a launch inclination of ~39° to an 

inclination in line with the Moon’s orbital plane, as well 

as raise the spacecraft’s perigee to the radius of the 

Moon. This reduced the required deterministic 

spacecraft ΔV to approximately  60 m/s, compared to the 

350-550 m/s required for a direct transfer to an NRHO. 

This reduction in spacecraft ΔV enabled the mission to 

be achieved with a 12U-class CubeSat. The trade-off is 

that the TLI C3 of approximately -0.6 km2/s2 is higher 

than -2.0 km2/s2, the value needed for a direct transfer. 

The BLT for CAPSTONE required  approximately four 

months of time to traverse, which is substantially longer 

than a direct transfer. This extended transfer duration 

provided for significant advantages from an operational 

perspective. First, there was ample time to characterize 

and navigate the spacecraft performance and then 

perform well-timed trajectory correction maneuvers that 

allows for a consistent entry time into the NRHO. 

Additionally, several anomalies with the spacecraft 

occurred during the transfer (described below) and the 

extended transfer time allowed the operation team to 

mitigate and resolve those issues prior to the time-critical 

NRHO Insertion Maneuver (NIM). 
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Figure 2: The CAPSTONE Spacecraft/Dispenser -

Lunar Photon Integrated Stack 

Trajectory Correction Maneuvers 

CAPSTONE has performed 5 out of 7 planned 

Trajectory Correction Maneuvers (TCMs) (Figure 4) in 

order to clean up launch vehicle errors, target the 

insertion maneuver timing to achieve an Earth-eclipse 

free NRHO, as well as correct for navigation and 

maneuver execution errors. Given that the CAPSTONE 

spacecraft must achieve both a specific state and epoch 

after insertion to achieve an Earth-eclipse free NRHO, 

the TCMs and insertion maneuvers were designed using 

a three-burn optimization, rather than a simple one or 

two-burn targeter. Each correction maneuver was 

designed to minimize the sum of the ΔVs of the current 

TCM, the next TCM, and the insertion maneuver to 

achieve a state along the reference NRHO (and 

corresponding epoch). The final TCM was not 

redesigned, but rather executed as it is designed in the 

previous TCM’s optimization. The insertion maneuver 

initial epoch is also part of the optimization, while the 

TCMs are fixed in time. 

 

 

Figure 3 – CAPSTONE Launch 

 

Figure 4: TCM Placement in the Earth-Centered 

EME2000 Frame 
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Table 2: CAPSTONE's as Executed TCM/ICMs 

 

As shown in Table 2, each of the first 3 TCM was 

executed with 1% of predicted ΔV planned. However, an 

anomaly occurred during the TCM-3 maneuver that 

resulted in a significant change in the overall mission 

plan. First, the date and location for TCM-4 was changed 

substantially while the spacecraft operations team 

worked to first resolve the anomaly and its resultant 

impact on the spacecraft systems. Second, TCM-4 was 

planned to be a much larger ΔV maneuver than originally 

planned and the re-planned optimization allowed for 

TCMs 5 and 6 to be subsequentially cancelled. 

Additionally, the optimization process employed 

allowed both of these maneuvers to be skipped as well at 

the NIM to be executed well within the planned pre-

launch error estimate. 

TCM-3 Anomaly Overview 

On September 8th, 2022, TCM-3 was executed nominally 

as planned in order to adjust the approach trajectory to 

the NRHO insertion point and correct any residual errors 

from  the relatively large deterministic TCM-2. During 

the “braking” phase after the successful completion of 

the maneuver, the spacecraft unexpectedly spun up due 

to stuck “open” thruster valve. As a result, the spacecraft 

“burn abort” fault protection was “tripped” due to 

excessive rates and spacecraft went into a “Safe Mode” 

state. 

 

As a result of this anomaly, the vehicle settled into a state 

with at rotation of ~70°/sec with angular momentum 

vector pointing ~77° from the Sun. Due to this 

orientation and spin rate, the spacecraft established a 

repeating communication pattern of ~5 minutes of comm 

lock followed by ~50 min loss of signal cycle as 

spacecraft charged enough to power on radio and then 

lost power. As a result of load shedding, the propellant 

tank heaters were turned off and, as a result of this action, 

the hydrazine propellant froze (with tank temp at -7C). 

After significant analysis of the telemetry that was 

slowly downloaded within the 5 minute blocks, it was 

determined that one of the 0.25N thruster valves had 

stuck in the “open” state. Thus, anytime the main 

propellant valve opened, an uncontrolled thruster firing 

would occur that would not allow any controlled de-spin 

of the spacecraft in order to return it to its nominal 3-axis 

controlled state. Several weeks of analysis and 

troubleshooting then occurred and a path forward was 

decided to attempt to return the spacecraft to normal, if 

possibly degraded, operations. 

First, it was determined that as the orbit progressed, it 

became more able to run the heaters enough to unfreeze 

the propellant after several weeks due to the decreasing 

angle from the solar panels normal vector to the Sun line. 

With the propellant unfrozen, the prop subsystem was 

tested several times to more closely identify which 

thruster valve that was stuck “open”. As a result of these 

tests, the spin rate actually increased to 105 deg/sec but 

the operations and GNC teams were able to narrow down 

which thruster was stuck, #3 (axial) or #5 (rotational). 

 

The Terran Orbital GNC team then re-mapped the 

thruster controller logic and developed a detumble 

controller that was robust to and compensated for the 

stuck open thruster. On October 7th (approximately one 

month after the TCM-3 anomaly occurred) the detumble 

maneuver was completed successfully and the spacecraft 

re-gained full 3-axis control and aligned the spacecraft 

antennas in order to regain constant communication with 

ground. On October 11th a pressurization test was 

executed to conclusively determine that the valve for 

thruster #3 was the one stuck “open” and that led to 

finalizing the design and testing for the re-mapped TCM 

controller logic. It is estimated that during the anomaly 

analysis and resolution phase, CAPSTONE completed 

>500k rotations as an unintended spin stabilized 

spacecraft. 

 

On October 27th, or approximately 2 weeks after the 

original planned timeline, TCM-4 was successfully 

executed. As a result, this event fully proved the re-

mapped GNC controller was viable going forward also 

and aligned the spacecraft for insertion into the NRHO 

~3 weeks later. Additionally, it was determined that the 

new minimum ΔV threshold for a TCM was 

substantially increased in order to minimize the impact 

of the stuck axial thruster and as a result, the originally 

planned TCMs 5 and 6 were cancelled because they did 

not meet this new minimum lower limit. 

This is fundamentally why it was very fortunate that the 

anomaly that followed TCM-3 occurred when it did as it 



Gardner 7 37th Annual Small Satellite Conference 

gave the spacecraft operations team over 2 full months 

to 1) Resolve the unplanned state that the spacecraft was 

put into as a result of the thruster issue 2) To re-map the 

spacecraft GNC commands to mitigate the impact of the 

stuck thruster valve and 3) to redesign the maneuver plan 

for the remaining TCMs, the time critical NIM and the 

subsequent post-NIM ICMs. If the anomaly had 

happened at the planned TCM-4, TCM-5, or TCM-6 

times in the mission, it is unlikely that the NRHO 

insertion could have been achieved successfully. Thus 

this provided further evidence of the benefit of the BLT 

mission design approach for mission operations risk 

mitigation. 

Insertion into NRHO 

Given the main mission objective of demonstrating 

NRHO stationkeeping and operations to inform future 

lunar exploration, on November 13, 2022 CAPSTONE 

was inserted into the same sized orbit targeted by the 

Lunar Gateway: a 9:2 resonant, southern L2 NRHO 

(Figure 5). For every two lunar synodic periods, 

approximately 29.53 days each, CAPSTONE will 

complete 9 revolutions in its NRHO. 

There are four families of NRHOs, distinguished by the 

location of their apolune. The apolune may be stretched 

towards either the L1 or L2 Earth-Moon Lagrange point, 

and may be either above (northern) or below (southern), 

the lunar orbital plane. A 9:2 resonant NRHO only exists 

in the L2 family, and the southern trajectory was chosen 

to maximize the Lunar Gateway’s time over the lunar 

south pole, an area especially of interest to lunar 

exploration. 

The CAPSTONE NRHO reference orbit was specifically 

designed to avoid Earth induced solar eclipses (Figure 6) 

for the duration of the primary and enhanced missions 

(~18 months), as well as align the epoch of the first 

perilune with the low-energy transfer to minimize the 

ΔV required to achieve the NRHO. Although periodic in 

the circular restricted three-body problem, a multi-shoot 

method was used to build an Earth-eclipse free, 90-

revolution NRO with minimal discontinuities in the 

ephemeris model. 

Figure 5: NRHO Reference Orbit in the Earth-

Moon Rotating (left) and Sun-Earth Rotating (right) 

Frames 

As the spacecraft arrived at the Moon, it targeted the 

reference NRHO periapse passage, and the spacecraft 

was precisely inserted into the NRHO. Planetary 

missions are often robust to large maneuver execution 

errors upon insertion into a capture orbit because the 

capture orbit simply must be safe and otherwise a good 

transition to the science orbit via additional maneuvers. 

CAPSTONE’s insertion was quite different from this 

model. First, the NRHO Insertion Maneuver (NIM) was 

on the order of ~20 m/s, quite a small maneuver 

compared with conventional planetary orbit insertions. 

Second, this maneuver must very accurately target the 

NRHO. If the post-NIM state, mapped to the nearest 

periapse, is more than 5 m/s different from the NRHO 

periapse state, the resulting orbit is far different from the 

reference NRHO, and the mission must then spend a 

significant amount of fuel to return to the reference 

NRHO. One way in which CAPSTONE’s orbit insertion 

was similar to a conventional planetary insertions is that 

the NIM is considered a critical event maneuver: aka it 

must be performed approximately as designed or else the 

mission is substantially impacted. 

 

Figure 6: Illustration of the CAPSTONE Reference 

NRHO’s phasing to avoid Earth eclipses 

Post-NIM Maneuvers 

CAPSTONE introduced two maneuvers (Table 2) 

following NIM: ICM-1 was performed one day later to 

clean up NIM execution errors; ICM-2 was performed 

three days after ICM-1 to complete the insertion process 

into the reference NRHO. These two Insertion Cleanup 

Maneuvers (ICMs) offered the mission designers six 

degrees of freedom to achieve a six-state at the time of 

ICM-2, i.e., they compose a two-burn transfer from the 

post-NIM orbit to the reference NRHO and were 

performed relatively soon after NIM in order to avoid 

exponentially increasing ΔV cost. Some separation was 

desirable between the two ICMs to give the spacecraft 

time to drift from the post-NIM orbit to the reference 
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NRHO, but it was desirable to achieve the transfer prior 

to the next periapse passage since periapse passages are 

very sensitive to orbital errors. 

Daily Operations – Orbit Maintenance Maneuver 

(OMM) Design 

The orbit maintenance strategy for CAPSTONE is both 

informing and responding to projected lunar Gateway 

requirements. CAPSTONE’s orbit maintenance 

maneuvers (OMM) are based on the “X-axis crossing 

control” strategy—a low-cost, robust method of 

maintaining NRHOs for long durations.3-5 Each 

maneuver is designed to achieve a target 6.5 revolutions 

downstream (that is, at the seventh perilune crossing), 

where the target is the X-velocity of the reference orbit 

(NRO) in the Earth-Moon rotating frame at that perilune. 

This strategy is low-cost from both a ΔV and navigation 

perspective and effective at maintaining the NRHO-like 

motion, but the spacecraft drifts away from the reference 

over time. This drift is realized not only in the position 

and velocity states of the spacecraft, but also the phasing. 

Such a drift is undesirable because the NRHO for 

CAPSTONE was designed to avoid Earth induced solar 

eclipses by targeting strict phasing. 

Different approaches to correct this drift have been 

developed.6,7 Some of these strategies implement a two-

burn sequence to correct the phasing, while others 

implement small augmentations to the traditional X-axis 

crossing algorithm.8 The current OMM approach 

baselined for CAPSTONE supplements the traditional 

X-axis crossing control algorithm by adding an epoch 

constraint to the maneuver targets. This constraint 

requires the perilune passage time of the controlled 

spacecraft to match the perilune passage time of the 

reference spacecraft to some tolerance.  

Other OMM augmentations were considered as well. 

These augmentations incorporated different aspects of 

phase-control strategies presented in literature, such as 

where in the NRHO the OMM is performed. In these 

cases, where the location of the maneuver was changed, 

the same epoch constraint as discussed in the 

CAPSTONE baseline OMM strategy are still 

implemented.6 The additional maneuver locations 

chosen were 160º and 200º osculating true anomaly (in 

the Earth-Moon rotating frame). 

OMMs as Implemented 

As a result of the re-mapped maneuver GNC, a modified 

OMM strategy was developed in order to mitigate and 

negative effects of the stuck thruster valve during each 

OMM. Thus, for each already pre-planned OMM, 4 

questions were asked within the Operations and 

Navigation teams as to whether an OMM was required 

to be executed relative to the original OMM plan: 

1. Does the OMM, as designed, achieve the targets? 

2. Does the performing the OMM keep CAPSTONE 

in the NRHO longer than if skipped? 

3. When including navigation uncertainty and 

maneuver execution errors, does the OMM still 

effectively move the downstream state towards the 

target or is the effect lost in the uncertainty? 

4. Despite skipping many OMMs, does the 

stationkeeping strategy keeps the spacecraft near the 

design reference? 

As a result of this process, thus far (at the time of this 

paper’s writing) over 5 OMM’s have been successfully 

executed by the spacecraft (Table 3) and many more of 

the pre-launch planned ones (which were to occur on 

each NRHO) have been skipped. The spacecraft and 

operations team continue to operate at this cadence along 

with the support of the DSN for the routine 

communication and navigation tracking passes. 

Table 3: CAPSTONE's as Implemented OMMs 

 

NAVIGATION 

CAPSTONE has navigated during the transit to and in 

the NRHO with radiometric measurements from the 

Deep Space Network and one affiliated dish at Morehead 

State University. There are multiple navigation-related 

technology demonstrations onboard the spacecraft, but 

two-way radiometric measurements with the ground are 

the primary method of navigation for CAPSTONE. This 

is the same paradigm that will be used by NASA’s Lunar 

Gateway. 
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Measurements taken with the DSN-affiliated 21-meter 

dish at Morehead State University have been shown to 

be on the order of ~40% noisier than the 34-meter dishes 

at the Deep Space Network and are de-weighted 

accordingly within the navigation filter. The additionally 

the DSN has expressed interest in having CAPSTONE 

demonstrate an experimental CONOP of Delta-DOR 

measurements using pseudo noise tones instead of 

typical DOR tones. 

 

Orbit determination is performed in the Advanced Space 

Flight Dynamics System (FDS), which is a system of 

driving scripts and organizational tools wrapped around 

JPL’s MONTE software. The orbit determination setup 

allows for the input of high-fidelity dynamic models, 

media calibration models, and measurement files from 

the DSN. State estimates, estimates of other parameters, 

associated uncertainties, and trajectory runouts are 

generated which are then passed along to downstream 

processes such as maneuver design and payload 

planning. Orbit determination is performed nearly daily 

assuming that there is new data to process. Orbit 

determinations are delivered, meaning that they are 

given an official “stamp of approval”, and forwarded 

along to downstream users, approximately 1-2 times per 

week. An OD is delivered prior to every OMM design, 

and there are sometimes additional deliveries to support 

payload activities. 

 

The far, the CAPSTONE mission has met all navigation 

requirements at the time of maneuver designs across the 

entire timeline of the mission thus far including TCM-

1a, TCM-1c, TCM-2, TCM-3, TCM-4, NIM, ICM-1, 

ICM-2, OMM-5, OMM-10, OMM-13, and beyond 

(Table 4). Additionally, the navigation approach has 

successfully executed through several off-nominal and 

unplanned spacecraft behaviors including propellent 

“bake-off” for the entire mission and the full line-leaks 

that occurred after the thruster valve anomaly resolution. 

The navigation team has consistently and accurately 

estimated the perturbations after each thruster event, like 

the ongoing reaction wheel desaturation maneuvers that 

occur on a routine basis during each orbit. Navigation 

Post-ICM-2 in the NRHO has been nominal and well 

within the expected predicted NRHO performance. 

 

In summary, the navigation teams at Advanced Space 

with support from the Terran Orbital spacecraft team and 

the DSN, have accurately navigated CAPSTONE for 

over a year, through a wide variety of conditions. 

Though all these conditions, the navigation solutions 

have met the needs of the mission and been in line with 

pre-launch expectations. Results, raw data, and best 

practices have been shared with many NASA centers and 

other interested parties including the Jet Propulsion 

Laboratory, Goddard Space Flight Center, Glenn 

Research Center, Johnson Space Center, and several 

CLPS provider teams. 

Table 4 – CAPSTONE Navigation Performance 

Results through the initial OMMs 

 

CISLUNAR AUTONOMOUS POSITIONING 

SYSTEM (CAPS) 

CAPS is a unique innovation that operationalizes, and 

leverages investments made in algorithms, flight 

computers, and radios over the past decade. At its 

foundation, CAPS starts with the algorithms and logic of 

automated navigation layered on top of an innovative 

approach to absolute orbit determination that requires 

only relative radiometric ranging and Doppler 

measurements. In its most streamlined implementation, 

CAPS is a software innovation that can be incorporated 

on any future spacecraft. 

SBIR Development 

From 2017 to 2021 the CAPS development was 

supported via a NASA SBIR Phase 1-2 contract through 

the NASA Goddard Space Flight Center. In this 

timeframe, the software was developed and tested in a 

lab environment that readied it for further integration and 

ultimately flight testing. With the Phase II concluding 

mid-2020, the CAPS research and development was 

funded for continuation through a Phase II-E and Phase 

III SBIR awards. The intent for these awards was the 

ongoing development and support of the software as it 

approaches demonstration on the CAPSTONE mission. 

Part of these funding extensions also have expanded the 

data types ingestible by CAPS, thereby widening its 

navigation capabilities in the cislunar environment. 

Crosslink 

To demonstrate and accelerate the infusion of the 

Cislunar Autonomous Positioning System (CAPS), 

CAPSTONE has to date performed numerous crosslink 
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communication passes with the Lunar Reconnaissance 

Orbiter (LRO) using its S-band telecommunication 

system. The tracking passes occurred when CAPSTONE 

is nearer to periapse, as LRO is in a polar, low lunar orbit 

and within the communication range of the S-Band 

telecom system on the spacecraft. The availability of 

these passes has depended on a number of factors, 

including each spacecraft's power availability, their 

relative distances, lunar occultations, pointing 

constraints, and LRO ongoing science operational 

priorities. These tracking passes have provided the 

necessary two-way, coherent range and Doppler 

measurements to the CAPS flight software onboard 

CAPSTONE. 

The flight software has demonstrated CAPS in flight 

successfully several times thus far, while also 

downlinking the CAPSTONE-LRO crosslink data to the 

ground for further refinement, validation, and CAPS 

filter tuning and development. The objective for 

CAPSTONE is to accelerate the infusion of autonomous 

spacecraft navigation, where such crosslink tracking 

may support the navigation needs of both spacecraft in 

the link. The CAPS FSW continues development and 

will be part of in-flight FSW updates to improve the 

accuracy of the navigation estimate and correct issues 

observed in the initial experiment’s results. Eventually, 

during the current ongoing enhanced mission phase, the 

goal is for the CAPS software to provide full 

autonomous navigation onboard the CAPSTONE 

spacecraft thus demonstrating this capability for future 

cislunar mission applications. 

CURRENT MISSION STATUS 

Currently, the CAPSTONE spacecraft is operating 

nominally and has more the 40% of fuel remaining for 

ongoing operations. All operations systems at the Terran 

Mission Operations Center (MOC) for spacecraft TT&C 

and at the Advanced Space Operations Center (ASOC) 

for navigation and flight dynamics management 

continue to perform well. Coordination with the LRO 

operations team continues and both the CAPSTONE and 

LRO teams are ready to support the inter-spacecraft 

ranging operation in support of the CAPS on orbit 

demonstration. 

CAPSTONE has successfully operated in the NRHO 

since 11/13/22 (267 days). All Orbital Maintenance 

Maneuvers (OMM’s) have successfully executed as 

planned. Multiple planned OMM’s have been cancelled 

due to process of stepping down V to find a lower 

bound threshold. OMM cadence has been reduced due to 

minimum OMM V based on the updated Terran Orbital 

GNC controller implemented for the post-TCM-3 valve 

anomaly. Due to updated maneuver performance, further 

threshold reductions are expected to reduce the 

minimum OMM < 5 cm/sec. 

Two minor anomalies have occurred since NRHO 

insertion: Loss of commanding on uplink occurred on 

Jan. 26th and Feb 17. It is suspected that Single Event 

Upsets (SEUs) on the Iris firmware has been the root 

cause. Commanding was then restored on Feb 6th and 

Mar 1st when Command Loss Timer reset the spacecraft. 

SUMMARY OF KEY LESSONS LEARNED TO 

DATE 

As result of the development, implementation, and 

operations execution of the CAPSTONE mission, quite 

a few key “lessons learned” have been identified by the 

mission team and these are summarized below: 

1) For a CubeSat/Small Sat based mission with a clear 

set of mission goals, a better understanding of the  

overall system requirements is needed well before 

the PDR and certainly as part of the spacecraft  

acquisition process (i.e., RFP, contract 

requirements, deliverables, etc.) 

2) Low-cost, CubeSat missions often rely on COTS 

components and alleged “plug and play” designs  

that are often not as developed as advertised. Several 

of the component and subsystems had to be re-

designed or re-worked based on the deficiencies that 

emerged during the development process. 

3) A clear understanding of the unique mission 

requirements vs. the flight system capabilities for a 

unique mission needs to be  better defined and 

detailed out BEFORE schedules and budgets are 

estimated and agreed with all stakeholders. 

4) Ground system requirements and operations are 

often not well understood until well after Authority 

To Proceed (ATP) and  the resultant complications 

related to those can drive schedule and costs that 

were not well considered.  Plugging into existing 

ground architectures is not as simple as it is often 

advertised and the  complexities of interface testing 

with those system is often underestimated. 

5) Having a better understanding of vendor 

capabilities, heritage and past performance is 

important to  understand prior to contract award and 

execution. Smaller, lower cost vendors often 

underestimate or  underbid the costs and scope of 

the required work, and this leads to headaches and 

delays when  inevitable problem arise. 

6) Regulatory approvals often require far more time 

and resources that expected. As an example, the 

frequency approval process for cislunar or deep 

space missions is often a labyrinth of requirements 

and  approvals that require extensive attention to the 
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detailed requirements and the time it takes to receive  

full approval. 

7) Multiple government agencies, who often don’t 

communicate with each other, are involved in 

getting  final launch approval. In the case of 

CAPSTONE, this included the  i.e., New Zealand 

Space Agency (NZSA) who had never had an 

interplanetary launch from their territory and thus a 

new licensing process needed to be implemented for 

the CAPSTONE mission. 

8) Items like Planetary Protection, Orbital Debris, 

Range Safety requirements for launch, and transport  

requirements for an overseas launch (aka Rocket 

Lab in NZ) are not well understood by most space  

systems development teams and require significant 

oversight by project management. 

9) Selling the project is great. Implementing and 

executing the project is ALWAYS harder, takes far 

longer and costs more  that most everyone thinks. 

CAPSTONE was sold as a low cost, fast paced 

cislunar mission to deliver data and results to NASA 

in ~20-24 months. The reserves were considered 

adequate and that, as in the case for CAPSTONE, is 

often underestimated as well. 

10) COVID impacts aside, several key challenges were 

not well understood by the team until well into the 

development of the project  and costly adjustments 

had to be made to mitigate these issues. Between the 

launch vehicle upper stage issues and the unique 

spacecraft requirements impact on a COTS  design, 

the mission launched ~16 months after it was 

initially planned (or 33 months after the mission was 

awarded by NASA). 

Advanced Space along with the team members Terran 

Orbital, Stellar Exploration, SDL, Tethers Unlimited, the 

DSN, and Morehead State have thus far assembled and 

presented these lessons learned in numerous forums in  

the form of presentations, papers, and technical 

interchange meetings. This has been especially valuable 

to the NASA teams who are formulating and 

implementing the Artemis missions for the future human 

return to the Moon. It is hoped that these lessons will be 

applied to future missions like CAPSTONE in order to 

reduce the overall risks, costs, and schedule 

requirements for these important missions. 

A CAPS ENABLED FUTURE VISION 

As cislunar space is poised for significant increases in 

mission activity, missions large and small are inherently 

constrained by the current limitations of ground tracking 

systems such as DSN, the Near Space Network (NSN) 

and several lunar relay constellations planed by 

commercial providers, The increasing the complexity of 

this problem is the ambiguity with which schedule and 

mission scope can be accurately projected. Many of 

these missions will be operating in orbital regimes that 

would nominally require frequent tracking and station 

keeping, which drives the demand for navigation even 

higher. NASA’s Artemis Program of lunar exploration 

will return US astronauts to the Moon and lay a 

foundation for development of lunar resources. The 

Artemis Program lunar architecture now in development 

includes major elements such as the Orion space capsule, 

the Lunar Gateway, several human and robotic lunar 

landers (including several Commercial Lunar Lander 

Services (CLPS) systems)  and the Space Launch System 

(SLS). Gateway will serve as a departure point for 

human excursions to the surface of the Moon. Many of 

these projects, and others from around the world, are 

now in development and can benefit from the CAPS 

capabilities for their operational navigation 

requirements. 

Advanced Space foresees a future of increasing 

scientific, exploration, and commercial activity within 

cislunar space. Future missions operated by NASA, 

commercial entities, and international agencies will face 

increasing congestion due to limited communication and 

navigation infrastructure. 

CONCLUSION 

As the Moon becomes the focus of more entities – 

whether governmental, commercial, or international – it 

is becoming imperative that there is a stronger 

understanding of the nuances and difficulties faced by 

future spacecraft as they enter this new environment. Not 

only is CAPSTONE providing rapid feedback and 

experience on operational challenges soon to be faced by 

the future Lunar Gateway and other Artemis Program 

missions, but it is doing so in a way that is expedited via 

commercial strengths in schedule, cost, and risk 

management. It is the hope and goal of the Advanced 

Space CAPSTONE team that this technology 

demonstration will not only support Artemis operations 

and CAPS maturation but will also model a new way of 

commercial partnerships for NASA and other agencies 

to pursue in support of their directives. 
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