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NASA’s DSAC Technology Demonstration Mission

Project Status
• Demonstration Unit assembled and tested
• Performance pointing to < 3e-15 stability
• Currently integrating and testing full payload
• Spacecraft integration and test this summer

Develop advanced prototype (the ‘Demonstration Unit’) mercury-ion atomic clock for
navigation/science in deep space and near Earth space
• Perform year-long space demonstration with launch Spring 2017 – achieving TRL 7
• Focus on technology maturation – ion trap and optical systems – other system

components (i.e. payload controllers, USO, GPS) size, weight, power (SWaP)
dependent on resources/schedule

• Identify pathways to ‘spin’ the design of a future operational unit (TRL 7 → 9) to be
smaller, more power efficient



National Aeronautics and Space Administration
Jet Propulsion Laboratory
California Institute of Technology
Deep Space Atomic Clock Project

For More Information, Contact: Todd.A.Ely@jpl.nas a.gov, Website: http://www.nasa.gov/miss ion_pages/tdm/clock/

DSAC Enables Routine Use of One-Way Radio Tracking

Enable routine use of one-way tracking - more flexible/robust mission ops than two-way 
• No degradation in measurement accuracy - one-way tracking with DSAC as accurate 

as its equivalent two-way counterpart
• Fully utilize multiple spacecraft per aperture tracking – increases tracking to all 

spacecraft at Mars
• Enable use of uplink tracking with low gain antennas on spacecraft – removes most 

attitude constraints for tracking 

Fundamental to enabling real-time, on-board deep space radio navigation
• Using one-way on the uplink coupled with low gain antennas enables use of the DSN 

as a broadcast navigation system
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Implementing a Deep Space Tracking Architecture

Tomorrow’s 1-Way Radio NavigationToday’s 2-Way Radio Navigation

= DSAC on-board
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Considerations for Onboard Orbit Determination

• Prior analysis demonstrated accuracy of one-way radiometric tracking produced with 
DSAC as the receiver's reference is sufficient for precision orbit determination (OD)
• Two-way radiometric or one-way with DSAC solutions using state of the art high 

fidelity models and ground-based software produce similar orbit accuracies
• 1 to 2 meters for a typical Mars orbiter

• Translating to an onboard application presents challenges
• JPL has a proven system – AutoNav – that processes passive optical imagery for 

onboard OD
• Successfully demonstrated on Deep Space 1, Deep Impact, and Stardust

• Onboard CPU speed, throughput, memory, and storage are constrained resources 
• Adding radio data processing to AutoNav will rely much more heavily on model-

based dynamics than optical data 

• Useful to explore model simplifications and trades on OD accuracy in the context of a 
relevant problem – for this study a low-altitude Mars orbiter selected
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Mars Orbiter Model Problem

• Reference case is Mars 
Reconnaissance Orbiter (MRO)

• OD using one-way uplink radio 
tracking with DSAC to achieve
• Radial error < 0.5 m
• Transverse error < 33 m
• Cross-track error < 13 m

• What model simplifications are 
possible to still meet these 
requirements
• Drag model?
• Spacecraft shape?
• SRP?
• Gravity field size?
• OD filter?
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Baseline Solution with HiFi Models and One-Way Uplink Radio Tracking

• High fidelity models with injected truth errors simulated at current operational levels
• Stochastic drag noise a Gauss-Markov (ECRV) process at 10% steady state levels
• Solar pressure scale factor bias error at 10%
• Initial condition errors at 5 cm, 5 mm/s – more on this later
• Observed Earth media delays, range bias errors at 2 m each pass, DSAC modeled 

as white frequency noise with Allan Deviation (A.D.) of 3.e-15 @ 1-day
• Filter is a linearized Kalman filter with UD factorization
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Model Simplifications – Drag Model and Spacecraft Shape

• Replace complex Mars Gram 2005 
with a simplified model that only 
accounts for long period solar flux 
changes

𝜌𝜌 ℎ, 𝑡𝑡 = 𝜌𝜌&exp − +,+-
.

𝐷𝐷 𝑡𝑡

• Replace complex spacecraft shape 
with a simple – attitude independent –
spherical shape and combine with 
simple density model
• Eliminate connectivity to the 

spacecraft attitude system
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Model Simplifications – Drag Model and Spherical Shape
Simple Drag + SphereSimple Drag

ECRV

Filter tuned 
w/ RTN 
acceleration 
process 
noise @ 
2 x AD peak



National Aeronautics and Space Administration
Jet Propulsion Laboratory
California Institute of Technology
Deep Space Atomic Clock Project

For More Information, Contact: Todd.A.Ely@jpl.nas a.gov, Website: http://www.nasa.gov/miss ion_pages/tdm/clock/ 10

Model Simplification – Reduced Gravity Fields from 95 x 95
60 x 60 10 x 10

• ECRV, 
mostly white 
past 100 s 

• 100 x larger 
than drag

• 60 x 60 
satisfies 
reqmts. 

• 10 x 10 
diverges
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Comparing all of the model simplifications

Case RMS	Pos Err RMS	Vel	Err
AccelMag	
(km/s2)

Accel Diff
(km/s2)

Gravity 10x10 800	m 40	cm/s 0.6e-6	to	1.6e-6 1.5e-7

Gravity 40x40 29	m 1.5	cm/s 0.6e-6	to	1.6e-6 6.9e-9

Gravity 60x60 9	m 4	mm/s 0.6e-6	to	1.6e-6 1e-9

Drag Sphere SC 33	cm 0.2	mm/s 1.7e-10 6e-10

Drag Sphere SC &
Simple Atm 42	cm 0.3	mm/s 1.7e-10 9e-10

SRP Sphere SC 5	cm 0.03	mm/s 7e-11 4e-12
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Filter Performance with all Model Simplifications

• 60 x 60 field selected
• 50 x 50 doesn’t satisfy radial requirement

• Simplified density
• Spherical drag and solar pressure shape
• Process noise tuned for gravity acceleration 

error  
• Other errors sufficiently small to not effect 

solution accuracy
• What about the initial condition error?

Reqmt. < 0.5 m

Reqmt. < 33 m

Reqmt. < 13 m
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LKF Sensitive to Initial Condition Error – Experiments with an EKF

• EKF is not recommended – will need to examine iterated LKF which will increase the 
computational load

I.C.	Error
(1σσ)

Seed	1
Exceedances

Seed	2
Exceedances

Seed	3
Exceedances

Seed	4
Exceedances

Seed	5
Exceedances

100m 0	% 0	% 0	% 0	% 0	%

1,000m 0	% 0	% 0	% 0	% 0	%

10,000m 6.9	% 0	% 69.2	% 0	% 19.7	%

EKF	Solution	Exceedance	Rates	with	Only	I.C.	Errors

EKF	Solution	Exceedance	Rates	with	All	Errors
I.C.	Error

(1σσ)
Seed	1

Exceedances
Seed	2

Exceedances
Seed	3

Exceedances
Seed	4

Exceedances
Seed	5

Exceedances

100m 16.9	% 97.1	% 19.7	% 97.2	% 42.5	%
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Conclusion

• Significant model simplifications possible that yield viable OD orbit solution accuracy
• For low altitude Mars orbiter reduced gravity is the biggest error contributor – other 

errors well within the gravity error

• EKF not recommended for this application – other method needed for robust 
acquisition and steady state solutions

• Different missions will have different needs, but for a Mars orbiter, onboard OD 
possible with reduced computational complexity 

• Next steps:
• Quantify computational improvement 
• Improve solution robustness (with editing and adaptive techniques)
• Explore other mission phases – such as approach and orbit insertion



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


