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UTILIZATION AND VALIDATION OF DSS-17 ON THE CAPSTONE 
LUNAR MISSION 

Michael R. Thompson,* and Mitchell Rosen† 

The Cislunar Autonomous Positioning System Technology Operations and Nav-

igation Experiment (CAPSTONE) mission is an ongoing mission to serve as a 

pathfinder for cislunar operations and navigation for the Lunar Gateway and the 

greater Artemis program. As part of nominal operations, one of the tracking dishes 

that CAPSTONE utilizes is DSS-17 at Morehead State University. Through a se-

ries of necessary corrections, CAPSTONE has been able to generate radiometric 

measurements using this dish on the same order of noise magnitude as typical 

DSN measurements. This paper will provide an overview of the necessary pro-

cesses and early performance of DSS-17 in CAPSTONE orbit determination. 

INTRODUCTION 

The Cislunar Autonomous Positioning System Technology Operations and Navigation Experi-

ment (CAPSTONE) mission is an ongoing mission to serve as a pathfinder for cislunar operations 

and navigation for the Lunar Gateway and the greater Artemis program.1 One early contribution of 

the mission is assisting in the radiometric validation of DSS-17, the 21-meter deep space tracking 

dish at Morehead State University. This dish is partially integrated into NASA’s Deep Space Net-

work, can be tasked by DSN schedulers, and TT&C is performed via nearly identical processes to 

any typical DSN dish.2 

In the past, the dish at Morehead State University had performed experiments with three-way 

tracking data using both the STEREO and DART missions, however, due to frequency licensing 

issues, DSS-17 was unable to transmit to either spacecraft. This meant that CAPSTONE was the 

first mission to generate and utilize two-way coherent data, the most typical form of cooperative 

deep-space tracking data, with DSS-17.3 The validation performed by CAPSTONE was an im-

portant step prior to the launch of Artemis I on November 16th, 2022, given that secondary payloads 

Lunar IceCube and LunaH-Map both planned on utilizing DSS-17 to supplement their DSN cov-

erage.4 CAPSTONE performed 18 tracking passes with DSS-17 over the course of its 4 month low 

energy transfer to the Moon before arrival at the Moon on November 14th. Since its arrival at the 

Moon, CAPSTONE has continued to utilize DSS-17 as a part of regular operations in the Near 

Rectilinear Halo Orbit (NRHO). The CAPSTONE trajectory from deployment to the end of 2022 

is shown in Figure 1 with the location of DSS-17 passes overlayed in green. 
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Figure 1. CAPSTONE trajectory and Morehead tracks through end-of-year 2022. 

This paper summarizes the custom media calibration models and updated geodetics required to 

incorporate DSS-17 into nominal CAPSTONE flight dynamics and summarizes the performance 

of the radiometric observables thus far. 

CAPSTONE ORBIT DETERMINATION 

Operational orbit determination for CAPSTONE is performed via two-way measurements with 

the Deep Space Network. The core of the orbit determination system on the ground utilizes the JPL 

MONTE software, which has been used for operational orbit determination at JPL since 2012.5  

The list of baseline parameters that are estimated and considered in the primary orbit determi-

nation filter are given in Table 1. Parameters that are added specifically to support the utilization 

of DSS-17 are highlighted in their own subsection. 

Table 1. CAPSTONE OD Estimated and Considered Parameters. 

Parameter Comments 

State  

SRP Scale Factor 
Defined as a scale factor applied to an 

SRP plate model 

Range Bias Estimated on a per-pass basis 

Finite Burns TCMs, OMMs, etc. 

Impulsive Burns Detumbles, etc. 

Stochastic Accelerations 
Estimated with a white noise a priori and 

re-estimated every 8 hours 

Bake-off Accelerations 
Accelerations for ~12 hours due to resid-

ual propellent evaporation after burns 
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DSS-17 Parameters 

DSS-17 Dry Tropo-

sphere Zenith Delay 

Estimated on a per-pass basis as a correc-

tion off a seasonal model 

DSS-17 Wet Tropo-

sphere Zenith Delay 

Estimated on a per-pass basis as a correc-

tion off a seasonal model 

Considered Parameters 

DSN Station Locations Based on DSN 301 Rev L. 

Solar System Body GMs 
Based on IAU 2009 System of Astro-

nomical Constants 

Earth / Moon Ephemeri-

des 

Based on JPL Interoffice Memorandum 

IOM 343R-08-005 

Lunar Spherical Har-

monics 
Based on GRAIL covariances, up to 5x5 

Earth Spherical Harmon-

ics 
Based on GRACE covariances, up to 5x5 

Earth Orientation Param-

eters 
 

DSN Media Calibration 

Errors 
 

 

As shown in Table 1, the nominal orbit determination setup solves for small corrections to me-

dia calibrations on DSS-17 based on an a priori value from a seasonal model. These parameters are 

typically not very observable but perform a similar role to that of stochastic accelerations: a (typi-

cally) non-observable parameter that can provide small corrections to the dynamic or measurement 

model to correct mis-modeling. 

This table covers the “baseline” set of estimated and considered parameters. As explored below, 

there have been several side cases that were utilized to update DSS-17 geodetics by co-estimating 

the state of both CAPSTONE and DSS-17. This was a necessary step to incorporate the station into 

nominal flight dynamics operations, but once the flight dynamics team were confident in an updated 

high-precision station location, this baseline strategy was utilized. 

MEDIA CALIBRATION STRATEGY 

Two-way coherent data can provide truly exquisite navigation observables; however, these ob-

servables require very accurate models to be properly utilized. A key component of these models 

are media calibrations, or corrections to navigation observables due to signal distortions from the 

atmosphere. These calibrations do not currently exist for DSS-17. As such, the CAPSTONE navi-

gation team developed a strategy for media calibrations on DSS-17 based on a combination of the 

local climate and some filter configurations.  

For missions that utilize the DSN for navigation, media calibrations are generated by JPL using 

on-site GNSS receivers at each complex.6 These media calibrations come in the form of zenith 

delays to account for the tropospheric effects with the assumption of cylindrical symmetry about 

the site, and polynomial histories of the ionospheric delay over time given DSN pointing. Mapping 

functions exist to scale these zenith delays as a function of the elevation angle to account for longer 
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paths through the troposphere as the elevation angle decreases. There are more accurate calibration 

systems that can be deployed to support radio science applications, but these systems are typically 

not required for standard spacecraft navigation.6 

Prior to in-situ GNSS-based media calibrations at the DSN, seasonal models were utilized at 

each complex that modeled average tropospheric zenith delay values based on the climate at the 

site. These original models followed the methodology of Berman, Chao, and other authors, and 

produced time-varying tropospheric zenith delays over the course of the entire year.7 Appropriate 

mappings functions were then applied in the orbit determination engine to translate this zenith delay 

into a full delay as a function of elevation angle. 

Following the same methodology described by Estefan and Sovers, a seasonal model for DSS-

17 was developed based on nearby NOAA weather stations.7 The model and coefficients are sum-

marized below. 

Using nearby climate data, monthly average values for the dry and wet troposphere zenith delays 

are computed using Equations (1) and (2). These equations are based on the Berman 70 model of 

the troposphere, which are derived with the assumption of static equilibrium, the ideal gas law, and 

a constant gravitational acceleration. 

∆𝜌𝑧,𝑑𝑟𝑦 = 10−3𝐶1 (
𝑅𝑑

𝑔
) 𝑃0 (1) 

∆𝜌𝑧,𝑤𝑒𝑡 = 10−3 (
𝐶1𝐶2(𝑅𝐻)0

𝑤
) (

(1 −  
𝐶
𝑇0

)
2

𝐵 − 𝐴𝐶
) 𝑒

𝐴𝑇0−𝐵
𝑇0−𝐶  

The terms in Equations (1) and (2) are given below. 

(2) 

∆𝜌𝑧     = zenith delay, m 

𝑃0        = surface pressure, mbar 

𝑤         = lapse rate, K/km 

𝑇0        = surface temperature, K 

(𝑅𝐻)0= surface relative humidity 

𝐴         = 17.1485 

𝐵         = 4684.1 

𝐶         = 38.45 

𝑔         = gravitational acceleration, 980.6 cm/s/s 

𝑅𝑑       = gas constant of dry air, 0.287 J/g/K 

𝐶1       = 77.6 

𝐶2       = 29341.0 

 

To replicate the fits as constructed in the standard DSN-generated seasonal models, a trigono-

metric fit is applied to the 12 values representing average values for each month. The fundamental 
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period of the series is fixed to 1 year, and the coefficients C, Dk, and Ek as given in Equation (3) 

are solved in a least squares process. The solved coefficients for DSS-17 are given in Table 2. 

𝜌 = 𝐶 +  ∑[𝐷𝑘 cos(2𝜋𝑘𝑋) + 𝐸𝑘 sin(2𝜋𝑘𝑋)]

4

𝑘=1

 (3) 

 

Table 2. Dry Troposphere Zenith Delay. 

Coefficient Dry Value Wet Value 

C 2.31160348e+00 2.24244400e-01 

D1 7.04058717e-03 -1.62224784e-01 

D2 9.40981069e-04 2.19748259e-02 

D3 -4.48783357e-04 8.61861814e-05 

D4 -9.67271216e-04 -1.58089494e-03 

E1 -8.93429834e-04 -5.22811306e-02 

E2 2.44206469e-04 2.26639307e-02 

E3 -4.03487657e-04 -5.90696703e-03 

E4 -5.61604815e-04 -7.36869135e-04 

 

These coefficients give a baseline seasonal tropospheric model for DSS-17. It is understood that 

this is not a perfect model and could be immensely improved via in-situ measurements, however 

this model is still useful in removing some of the large media effects from navigation observables, 

particularly at low elevation angles. The seasonal dry and wet troposphere delays described by this 

model are shown in Figure 2 and Figure 3 respectively. 
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Figure 2. Seasonal dry troposphere zenith delays. 

 

 

Figure 3. Seasonal wet troposphere zenith delays. 

The zenith delays at Morehead are significantly larger than at the other locations, as shown in 

the previous plots. The difference in dry zenith delays is attributable to larger barometric pressures 

due to Morehead being at a lower elevation than the other three stations. The difference in wet 

zenith delay, particularly during summer in the northern hemisphere, is due to the air temperature 

and humidity at the Morehead station. 

As shown in Figures 4 and 5, none of the DSN complexes experience high temperature and high 

humidity concurrently, while DSS-17 does in the northern hemisphere's summer months. These are 

also the months during which the wet zenith delay values at the Morehead station are significantly 

larger than the wet zenith delay values from the other three stations. 
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Figure 4. Monthly average humidity at DSN stations.8 

 

  

Figure 5. Monthly average high temperatures at DSN stations.8 

In situ weather conditions at DSS-17 are gathered on an occasional tracking pass, which can 

allow for media corrections that are much more precise than this baseline seasonal model. For 

CAPSTONE, two such passes have occurred, on August 25th, 2022 and July 7th, 2022. Zenith delay 

values are calculated with the meteorological data collected during these passes. Curves fitting the 

data are plotted against seasonal delay estimation curves for the time span of these passes. 
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Figure 6. Morehead dry troposphere zenith delays July 7th 2022, seasonal vs. meteorologi-

cal. 

  

Figure 7. Morehead wet troposphere zenith delays July 7th 2022, seasonal vs. meteorologi-

cal. 
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Figure 8. Morehead dry troposphere zenith delays August 22nd 2022, seasonal vs.. meteoro-

logical. 

  

Figure 9. Morehead wet troposphere zenith delays August 22nd 2022, seasonal vs. meteoro-

logical. 

The differences between the seasonal curve estimation and the meteorologically collected data 

can be large, particularly for the wet zenith delay, which is more sensitive to local short-term 

weather conditions. For these two tracking passes, differences in the dry zenith delay reach as large 

as 4 mm, while differences are shown in the wet zenith delay up to 13 cm.  

Currently, there are no ionosphere calibrations being performed for DSS-17. The ionosphere has 

less of an effect in X band than it does in lower frequencies, but these calibrations are still per-

formed for tracking passes on DSN complexes. Originally, given the expected noise values of DSS-
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17, the orbit determination team for CAPSTONE decided that it would be a low priority task to 

generate ionosphere calibrations from existing maps produced by GNSS services at this time.9 This, 

however, may change in the future. 

RADIOMETRIC PERFORMANCE ON CAPSTONE 

Representative noise characteristics will be of particular significance to future missions that will 

utilize DSS-17. Prior to launch, the CAPSTONE navigation team assumed that radiometric meas-

urements from DSS-17 would be approximately 3 times noisier than standard 34m DSN dishes. 

This was based on a basic scaling as a function of dish size (34m on the DSN vs 21m on DSS-17) 

and the resulting decreased carrier and ranging power density. In discussions with other navigation 

teams prior to the launch of Artemis I, some teams were assuming white noise characteristics up to 

10 times nosier than standard DSN dishes. 

After deployment and initial acquisition, the CAPSTONE flight dynamics team decided to use 

a “walk-crawl-run” approach at incorporating DSS-17 into orbit determination solutions. First, 

measurements from DSS-17 would be used to create residuals but would not be processed to per-

form any estimation. Then, the residuals would be examined to ensure that there was no gross mis-

modeling. Finally, when the team was confident in the previous two steps, DSS-17 would be in-

corporated into normal orbit determination solutions alongside standard DSN dishes. 

In following this approach, two-way Doppler residuals from the first week of operations are 

shown with DSS-17 data ignored (i.e. not used to update filter estimates) in Figure 10. The similar 

trend on all 4 passes immediately hinted at some sort of persistent mis-modeling. The two potential 

error sources that were quickly explored based on these residuals were a persistent timing offset at 

DSS-17 and the station location of DSS-17. Solving for large (tens of seconds) timing offsets could 

drive the Doppler residuals relatively close to zero-mean, but the large linear trend remained. Ad-

ditionally, DSS-17 has a VLG-10 Hydrogen MASER on-site which provides exquisite short-term 

stability and a GPS receiver which controls clock drift over time, making a timing offset of this 

magnitude very unlikely.10 As such, the focus quickly turned towards the station location for the 

problem of the large initial Doppler offset. 
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Figure 10. Two-way Doppler residuals from the first week of operations. DSS-17 meas-

urements are given in dark green and boxed in black. 

Station Location Updates 

The station location of DSS-17 was originally taken from the Service Preparation Subsystem 

Portal, an internal DSN site which contains ephemeris data, scheduling data, and station locations. 

However, given that DSS-17 had never been used in operational navigation, it was plausible that 

there may be small errors in the location. 

Filter cases were developed that estimated the station location of DSS-17 in conjunction with 

the normal estimated parameters. The Doppler residuals from such a case as run in July 2022 are 

shown below in Figure 11. 
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Figure 11. Two-way Doppler residuals from the first week of operations while solving for 

the DSS-17 station location. DSS-17 measurements are given in dark green. 

When initially solved, the station location of DSS-17 moved by approximately 27 meters, pri-

marily in the negative (i.e. towards the Earth’s rotation axis) cylindrical radius direction. When 

briefing these results to Morehead State University and the Flight Dynamics Facility at Goddard 

Space Flight Center, who would be flying the upcoming Lunar IceCube mission, it was mentioned 

that there was a different station location for DSS-17 that existed in an unreleased draft version of 

the Coverage and Geometry module of the DSN Telecommunication Link Design Handbook (DSN 

810-005, 301). The station location in this document matched the solved station location in cylin-

drical radius to within 1.6 meters. In longitude, it matched the solved location to within 18 cm 

(great circle distance). However, in the Z direction, the Coverage and Geometry document differed 

from the solved station location by approximately 20 meters.  

Both the solved station location and the station location in the draft Coverage and Geometry 

document provided very similar converged two-way Doppler residuals despite the 20-meter offset 

in Z. This was not an unexpected result - two-way radiometric measurements provide information 

along the line-of-sight direction, and Z is mostly perpendicular to this direction, meaning that the 

effect on the Doppler residuals is relatively small. It also means that when attempting to solve for 

the station location, the Z component is typically very unobservable and will stay close to the a 

priori value. For example, using the same data, the solved station location will vary in Z by approx-

imately 20 meters depending on whether the Coverage and Geometry solution or the SPS STAPAR 

solution is used as the a priori guess. 

Several solved DSS-17 station locations across multiple phases of the mission are given in 

Table 3. Note that because the high-precision station location does not currently exist in any public 

ICD as other DSN station locations do, only offsets from the originally used model are published 
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here. If navigators are interested in the locations themselves, please reach out to the authors and 

they can be shared. 

The station locations labeled as “August 2022” were solved during operations using the best 

practices and assumptions being used for CAPSTONE orbit determination at the time. Since then, 

some of these best practices and assumptions have been updated. The station locations labeled as 

“Reprocessed” have been re-solved using updated assumptions and information, namely a small 

CAPSTONE Doppler bias based on a roundoff error in the transponder turnaround ratio, the addi-

tion of a plate motion model at DSS-17 (which has moved the dish ~27 cm west since being sur-

veyed in 2004), and decreasing the measurement covariance on DSS-17 passes to be 2x the DSN 

instead of 3x the DSN.11 Additionally, all reprocessed cases use the station location in the draft 

Coverage and Geometry document as the a priori station location. 

Table 3. Station Location Offsets from SPS STAPAR Model. 

Source 

Cylindrical 

Radius Offset 

(km) 

Longitude Offset 

(deg) 

Longitude Off-

set (converted 

to km) 

Z Offset (km) 

SPS STAPAR Baseline Baseline Baseline Baseline 

DSS-17 Coverage and Ge-

ometry Draft (v.4.15.2021) 
-0.0258753 0 0 -0.0203404 

CAPSTONE Early Opera-

tions w/STAPAR a priori 

(August 2022) 

-0.0275241 -2.1207125e-6 -0.0001853 -0.0000849 

CAPSTONE Early Opera-

tions w/Coverage and Ge-

ometry Draft a priori (Au-

gust 2022) 

-0.0275812 -1.2922198e-6 -0.0001129 -0.0203421 

CAPSTONE Early Opera-

tions (Reprocessed) 
-0.0280253 -2.2147333e-6 -0.0001936 -0.0203589 

od021 (Reprocessed) -0.0272285 -6.9411180e-7 -0.0000607 -0.0203265 

od048 (Reprocessed) -0.0268376 2.2163900e-5 0.0019370 -0.0203406 

od051 (Reprocessed) -0.0285870 4.5738028e-7 0.0000400 -0.0203926 

od054 (Reprocessed) -0.0269462 2.3776008e-5 0.0020779 -0.0203269 

 

For each of these cases, an immediate trend is apparent: the station location solved by the filter 

is typically very close to the a priori value in longitude and in Z but does move in cylindrical radius. 

As discussed previously, two-way radiometric measurements provide information in the line-of-

sight direction, and components of the station location perpendicular to this direction tend to be 

unobservable. 

Viewing the solved station locations in the plane defined by the cylindrical radius and Z axes 

shows that the difference between the STAPAR location and the location defined in the draft Cov-

erage and Geometry module is nearly entirely along the local vertical (i.e. a height correction). A 

plot of all solved locations in this plane is shown in Figure 12. 
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Figure 12. Solved station location offsets from the original STAPAR model. Overlay of 

DSS-17 for scale.12 

As shown in Figure 12, the correction between the STAPAR and Coverage and Geometry doc-

ument is clearly a height correction, however, it is not necessarily congruent with the size of the 

dish itself. When the difference in station locations was first observed, it was hypothesized that the 

offset may be due to differences in whether the location was being measured at the intersection of 

the azimuth and elevation axes (as at other DSN dishes) or at a surveyed benchmark at the base of 

the dish. This does not appear to be the case – the offset is on the order of 30 meters in height, 

which is well above the distance between these potential reference locations. 

Discarding the original STAPAR solution, all of the solved solutions fall within 3 meters of 

the solution solved in the Coverage and Geometry draft document. However, as discussed previ-

ously, the main solved offset is in the cylindrical radius direction because any offsets in the Z 

direction are not very observable. To provide context for what the “true” station location may be, 

the solved station locations are also mapped onto the local vertical vector in Figure 13. To be clear, 

these projections onto the local vertical vector to artificially show a Z offset are not what is being 

truly solved by the filter but is done to provide a plausible guess at what the location may solve for 

if the Z component of the station location was observable. 
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Figure 13. Solved station location offsets from the original STAPAR model with projec-

tions of the solved offsets onto the local vertical. Overlay of DSS-17 for scale.12 

One of the first steps of incorporating DSS-17 into operational flight dynamics for CAPSTONE 

was updating its location in the flight dynamics ground software. The station location that is cur-

rently being used in the Advanced Space ground software is the station location as defined in the 

draft version of the Coverage and Geometry document. However, given the consistent shift in 

solved station locations that lowers the cylindrical radius, it is possible that the true station location 

is a few meters lower in altitude than the location in this document. 

Three-Way Doppler Measurements 

Two-way Doppler measurements on DSS-17 can be consistently converged to be Gaussian and 

zero mean, however, three-way Doppler measurements (transmission and reception on separate 

stations) that utilize DSS-17 still have one unknown issue. Instead of being driven to Gaussian and 

zero mean, they are driven to Gaussian and offset from zero by approximately 0.2 Hz. The sign of 

this offset changes based on whether DSS-17 is the transmitting dish or the receiving dish in the 3-

way measurements. An example of this behavior is shown in Figure 14. Previously processed 3-

way measurements with DSS-17 as the receiving dish with the DART spacecraft also showed a 

bias of nearly exactly 0.2 Hz.3 A similar test with STEREO-A yielded a bias of 0.068 Hz with DSS-

17 as the receiving dish.3 
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Figure 14. Three-way Doppler residuals from the first week of operations. Measurements 

involving DSS-17 are boxed. 

The consistency of the three-way Doppler offset between CAPSTONE and DART and the fact 

that the offset is flipped in sign when DSS-17 is the transmitting dish implies a systematic offset 

with DSS-17 itself. Attempts were made to solve for DSS-17 station timing offsets or station loca-

tion offsets that would result in bringing three-way residuals to zero-mean for both DSS-17 trans-

mitting and receiving three-way measurements. These attempts were ultimately unsuccessful and 

given that three-way Doppler is not regularly collected on CAPSTONE, there is limited additional 

data to experiment with. 

Table 4. DSS-17 Three-Way Doppler Mean Residuals in Early Operations. 

DSS-17 Case Mean Residual (Hz) 

Transmitting -0.2018 

Receiving 0.1999 

 

This offset does not exist in two-way Doppler observables on DSS-17, presumably because the 

error sources fully or nearly fully cancel out between the uplink and downlink leg of the signal. 

However, with three-way measurements, any systematic issue with DSS-17 is passed on to the 

observable. A suspected cause of this offset is a persistent offset in the frequency accuracy of the 

on-site MASER at DSS-17. The frequency accuracy of two MASERS (which are being differenced 

in the case of three-way measurements) can vary despite their independently favorable stability 

properties. This does not appear to be the case for three-way measurements between two DSN 

stations, as seen by the near-zero mean residuals. 
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Data Noise and Biases 

Once DSS-17 was incorporated into nominal flight dynamics operations for CAPSTONE, one 

of the important pieces of information that was relevant to other missions was the baseline level of 

noise and any observed biases on radiometric observables. 

At the start of the mission, the CAPSTONE flight dynamics team assumed a baseline measure-

ment covariance on DSS-17 of 3x the level of DSN observables. As the mission progressed, it 

became clear that this weighting was overly conservative, and the baseline measurement covariance 

was decreased to 2x the level of DSN observables. 

An analysis of all delivered orbit determination solutions at the time of writing (outside of the 

post-TCM-3 anomaly where CAPSTONE was spin-stabilized for a month) shows that on a pass-

by-pass average basis, the white noise level of two-way Doppler observables was roughly 37% 

higher on DSS-17 than at DSN complexes. The average per-pass noise values are shown in Table 5. 

For two-way ranging data, the observed noise is roughly the same on DSS-17 as on other DSN 

complexes (~0.5 meters 1σ), albeit with a much longer integration time. 

Table 5. DSS-17 vs DSN Two-Way Doppler Average Per-Pass White Noise Sigma (10sec Count 

Time). 

Dish 
Per-Pass Average 

Noise 1σ (Hz) 

DSS-17 0.00581 

Other DSN 0.00423 

 

During CAPSTONE orbit determination, there has been no significant persistent two-way Dop-

pler bias on DSS-17. As discussed in the previous section, there may be a bias present in 3-way 

measurements that utilize DSS-17, but any such bias appears to cancel out between the uplink and 

downlink legs on two-way Doppler measurements. 

For CAPSTONE and most deep-space navigation, biases on range measurements are estimated 

on a per-pass basis. These bias estimations can clean up things like small errors in media modeling 

and timing calibrations. On CAPSTONE, given the uncertainty on the performance of DSS-17, the 

baseline filter setup uses a very large a priori sigma for these per-pass range biases – approximately 

75 meters 1-sigma. 

In operations, the flight dynamics team has consistently observed a negative bias on DSS-17. 

Conceptually, this means the observed range is consistently lower than the computed range. The 

estimated range biases on DSS-17 in all delivered orbit determination solutions are shown in Fig-

ure 15. Estimated range biases on the order of 50-200 RU correspond to approximately 14 – 56 

meters. Compare this to the range biases estimated for DSN stations, shown in black, which are 

typically zero-mean. The outliers seen in DSN data can typically be explained by special DSN 

experimentation or spacecraft maneuvers where the range data struggled to fit within a single pass. 
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Figure 15. Estimated DSN range biases with DSS-17 shown in red. 3σ uncertainties are 

overlayed. 

There are still multiple possible hypotheses being investigated for this relatively persistent bias. 

It is likely some combination of station location error, very small timing errors in the ranging hard-

ware, errors in media calibrations, or errors in the uplink or downlink delays that are applied based 

on the physical length of the cabling between the electronics and the feed to the phase center of the 

antenna. Range measurements are fundamentally a measurement of round-trip light time, so very 

small timing delays on the order of nanoseconds can lead to visible range biases. 

CONCLUSIONS 

CAPSTONE is an ongoing mission to serve as a pathfinder for cislunar operations and naviga-

tion for the Lunar Gateway and the greater Artemis program. One of the key early contributions 

has been assisting in the radiometric validation of the DSS-17 dish at Morehead State University 

for use in deep space navigation. With proper corrections to the original station location, DSS-17 

has provided very useful data for CAPSTONE orbit determination and demonstrated noise values 

on the order of ~1-2x noisier than standard DSN stations. These data were shared with navigation 

teams at JPL and at the Goddard Flight Dynamics Facility in the lead-up to the first launch of 

Artemis I. DSS-17 will play a key role in supporting CAPSTONE through its NRHO operations 

and will support additional deep space small satellite missions in the future, including the upcoming 

Intuitive Machines IM-1 and IM-2 missions. The authors hope that the radiometric validation and 
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necessary corrections demonstrated here will further assist in future missions that will utilize DSS-

17 as part of nominal deep space navigation.1 
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