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Deep Space Atomic Clock

•  Deep Space Atomic Clock (DSAC) Technology Demonstration Mission will demonstrate 

on-orbit performance of small, low-mass mercury ion atomic clock in Low Earth Orbit

•  TRL 5 è TRL 7


•  DSAC corrects USO-generated frequency signal

•  Short term (< 10 sec) noise driven by USO behavior

•  After control cycle, frequency noise falls off as white noise
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•  Ground-based testing 
performance < 3e-15 at 1 
day

•  Stability & accuracy on par 

with DSN ground clocks


•  Enables one-way deep 
space radiometric tracking 
data accuracy equivalent to 
current two-way tracking
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DSAC Technology Demonstration Mission


•  Objectives:

•  Verify DSAC’s on-orbit Allan Deviation is < 2e-14 at 1 day 

•  Demonstrate that DSAC is a viable deep space navigation instrument
 3


L1, L2 GPS phase & 
pseudo-range
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Orbital Test Bed (OTB) Spacecraft

•  OTB host spacecraft launched into near-circular, near-equatorial orbit

•  Altitude = 720 km, inclination = 28°


•  ESPA-compatible spacecraft (180 kg)

•  No active propulsion system

•  Choke-ring antenna nominally zenith-pointed

•  Solar arrays oriented in X-Y plane
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Deep Space Navigation Analog Experiment

•  Project requirement to demonstrate DSAC’s potential as deep space navigation 

instrument

•  In limited context of Low Earth Orbit demonstration


•  Careful setup of OTB orbit determination as surrogate for actual deep space demo 
allows validation of DSAC’s viability in comparable conditions

•  Leverage similarities between OTB & low-altitude Mars orbiter environment 

•  Drag accelerations

•  Tracking schedules

•  Tracking measurements


•  High-fidelity linear Kalman filter mimics ground-based MRO operational orbit reconstruction
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Down-Selection of GPS Tracking Data

•  Continuous GPS tracking data down-selected to represent DSN tracking of Mars orbiter

•  Selected 3 GPS satellites equally-spaced throughout same orbital plane
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One-way Tracking Schedule


Two-way Tracking Schedule
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turnaround 
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GPS Doppler Measurements

•  GPS “transmit-only” measurements manipulated to create data “operationally similar” to 

deep space navigation tracking data 
•  GPS Doppler data generated by differencing phase: 

•  One-way GPS Doppler: onboard clock error entirely manifested in measurements 
•  Directly analogous to one-way DSN Doppler data 

•  Two-way GPS Doppler: truth clock removed from phase data 

•  Analogous to two-way DSN Doppler data, but may be utilized in simulations only 

•  Pseudo two-way GPS Doppler: estimated clock removed from phase data 

•  Clock solution estimated with full GPS data set & highest fidelity models 
•  Serves as a proxy to true two-way GPS Doppler 
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Table 1. Summary of Simulated Model Errors

Parameter Error Model

OTB attitude White noise
In sunlight: �

x

= �
z

= 0.6�, �
y

= 0.8�
In shadow: �

x

= �
y

= �
z

= 1.5�

DSAC clock White frequency noise
AD = 3e-15 at 1 day

Atmospheric drag ECRV
� = 0.1, ⌧ = 30 sec

GPS orbits & clocks Final Products - Rapid Products

Multipath GRACE-A phase map

Thermal noise White noise
LC = N[0, 1] cm

PC = N[0,
p
10] m

Phase center location relative Random bias
to center of mass �

x

= �
y

= �
z

= 5/
p
3 mm

Reference clock White frequency noise
AD = 5e-16 at 1 day

Solar pressure ECRV
� = 0.1, ⌧ = 1/2 x orbital period

GPS receiver temperature Periodic + white noise
LC = -41.25 sin (nt+ T0) ps, N[0, 40] ps
PC = 35.50 sin (nt+ T0) ps, N[0, 40] ps

Environment (Monte) software. Monte is a highly-capable and flexible software tool for trajectory
integration, trajectory targeting, orbit determination, and statistical maneuver analysis for support
of JPL flight project development and operations. Careful setup of the OTB orbit determination
experiment can ensure that the LEO navigation validation is a suitable surrogate for a deep space
technology demonstration of one-way radiometric navigation given DSAC’s expected on-orbit per-
formance. A detailed description of the nominal deep space analog experiment designed to satisfy
the TDM requirement may be found in Reference 3; the measurement models, tracking data as-
sumptions, and navigation filter setup are summarized here.

GPS Doppler Measurements

Deep space navigation is traditionally performed using radiometric Doppler and range tracking
data. In order to serve as an analog to deep space navigation, the DSAC on-orbit navigation ex-
periments will be conducted with “operationally similar” data types and tracking schedules. As the
flight data is limited to GPS pseudo-range and phase measurements, the phase measurements are
manipulated to construct GPS Doppler tracking data.

One-way GPS Doppler One-way GPS Doppler measurements, analogous to one-way DSN Doppler,
may be constructed by differencing the dual-frequency GPS phase data.

�f(t� T

2
) =

fLC
cT

✓
�(t)� �(t� T )

◆
(1)
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Eq. 1 expresses the GPS Doppler measurement �f as a function of the LC frequency fLC , the
speed of light c, the GPS phase measurement �t at time t, and the measurement count time T . For
this work, the count time is selected to be 60 seconds.

The GPS Doppler measurements include both transmitter and receiver clock error. By applying
the Final GPS clock solutions, the transmitter clock errors are reduced to a level below the phase
measurement noise. In contrast, the receiver clock errors are entirely manifested in the one-way
GPS Doppler. The one-way GPS Doppler is therefore directly analogous to uplink one-way DSN
Doppler, in which the DSN transmitter clock error is negligible but the onboard clock error still
contributes to the measurement.

Two-way GPS Doppler As GPS is a transmit-only navigation system, it is not possible to collect
true two-way measurements during DSAC’s on-orbit operations. Two-way Doppler data differs
from one-way Doppler data in several significant ways. For two-way DSN data, transmitted and
received at DSN ground antennas, the onboard clock error does not contribute to the measurement.
As the two-way measurements are derived from the round-trip light time as compared to the one-
way light time, the measurement sensitivity to the estimated dynamic state is scaled by a factor of
2. Finally, for frequencies such as S- and X-band where the radiometric signal noise is dominated
by uncorrelated path-dependent effects, two-way measurements are a factor of

p
2 noisier than

one-way measurements. Considering these points, one-way GPS Doppler can be manipulated such
that it may serve as a surrogate for true two-way Doppler data. The combined effect of increased
measurement noise and increased measurement sensitivity may be handled by scaling the nominal
one-way data weight by a factor of

p
2. The onboard clock error may be removed or reduced via

calibration, which leads to the concept of two-way and pseudo two-way GPS Doppler.

In simulation analyses, the truth onboard clock error is known and can therefore be entirely re-
moved from the one-way GPS Doppler measurements; this data type is referred to as “two-way GPS
Doppler”. This measurement is now directly analogous to two-way DSN Doppler data, in which
the DSN clock errors are not the dominant error source. The two-way GPS Doppler measurements
are computed by removing the truth clock signal from the one-way GPS phase data.

�2-way(t) = �(t)� c�tr(t) (2)

The two-way and one-way phase measurements are denoted as �2-way and �1-way, respectively,
and �tr represents the truth receiver clock. The calibrated phase data is then differenced to construct
integrated two-way GPS Doppler data as shown in Eq. 1.

In actual flight, however, the true onboard clock error is unknown, and thus cannot be completely
calibrated out of the one-way GPS Doppler data. As a proxy, the estimated onboard clock solution
�t⇤r can be used to calibrate the one-way GPS phase data, creating pseudo two-way GPS phase
measurements (�P2-way) in which only the residual clock error remains.

�P2-way(t) = �t � c�t⇤r(t) (3)

The estimated clock solution is generated by processing the full GPS data set, yielding orbit and
clock solution errors on the order of centimeters and tens of picoseconds, respectively. Analysis
of the current DSAC performance has shown that pseudo two-way GPS Doppler data is slightly
noisier than two-way GPS Doppler data, as the measurement error at 60 seconds is dominated by
the GPS investigation system and is aliased into the clock solution. No additional systematic errors
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High-Fidelity Modeling of OTB Orbital Environment & GPS Measurements

•  Orbital dynamics:

•  Gravity (EGM-96 360x360 static gravity field, luni-solar point mass gravity)

•  Solar radiation pressure (semi-empirical surface material properties, 8-plate s/c model)

•  Atmospheric drag (DTM-2012 semi-empirical density model, 8-plate s/c model)

•  Earth albedo & thermal emissivity pressure


•  LC/PC GPS pseudo-range and phase measurement models

•  Validated with GRACE flight data


•  Expected on-orbit errors included in truth trajectory and simulated GPS data
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Error Source
 Error Model
 Error Source
 Error Model


OTB attitude
 Sunlight: σx = σz = 0.6°, σy = 0.8° 

Shadow: σx = σy = σz = 1.5° 


Thermal Noise
 White noise

LC = N[0, 1] cm

PC = N[0, √10] m


DSAC
 White frequency noise

AD = 1e-15 at 1 day


Antenna phase center 
location


Random bias

σx = σy = σz = 5/√3 mm


Atmospheric Drag
 ECRV

σ = 0.1, τ = 30 sec


Reference clock
 White frequency noise

AD = 5e-16 at 1 day


GPS orbits & clocks
 Final – Rapid Products
 Solar pressure
 ECRV

σ = 0.1, τ = ½ x orbital period


Multipath
 GRACE-A multipath map
 GPS receiver 
temperature


LC = -41.25 sin(nt + T0) ps + N[0, 40] ps

PC =  35.50 sin(nt + T0) ps + N[0, 40] ps
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Onboard Navigation Analog Experiment

•  Deep Space Analog Experiment reconstructed orbit uncertainty < 1 m (3σ) 
•  Optimally-tuned LKF & high-fidelity models 
•  Only errors are nominal expected on-orbit errors 

•  Ground-based operations effectively not limited by computational efficiency, data storage 
•  Telemetry, media calibrations available for post-processing orbit reconstruction 

•  Onboard navigation capabilities limited by spacecraft computer architecture & post-
processing data latency 
•  Nominal models & filter configuration must be sized appropriately 

•  Piping attitude & small force telemetry (if applicable) complicates data flow, requires onboard filtering 
•  High-accuracy media calibrations not available in real time 

•  Identify candidate filter configuration & dynamic model simplifications  

•  Assess impact on orbit reconstruction performance 
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Simplifications to Dynamic Models
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High-Fidelity (Truth)
 Low-Fidelity


360x360 EGM-96 gravity field
 Truncated to 45x45 


DTM-2012 atmospheric density
 Polynomial fit to DTM-2012 densities (PolyDen); independent variable = TLST


8-plate solar pressure shape model




Spherical spacecraft (attitude-independent); Radius = 0.74 m, κd = 0.15, ϒd = 1.0


8-plate drag shape model
 Spherical spacecraft (attitude-independent); Radius = 0.38 m


Earth albedo & thermal emissivity pressure
 Omitted
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Low−Fidelity Models
45x45 Gravity Field
SRP Sphere
No Albedo Pressure
Drag Sphere + PolyDen
High−Fidelity Models

•  Low-fidelity model acceleration errors 
dominated by 45x45 gravity field 
reduction 

•  Drag, albedo/thermal emissivity errors 
commensurate with expected on-orbit 
errors 

•  No simplifications to luni-solar gravity 
models 
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Truncation of EGM-96 Gravitational Model

•  Gravity model truncation generally results in reduced run time & reduced solution accuracy 
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Deep Space Analog Experiment 
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Estimated Parameter
 Parameter Type
 Uncertainty Model


Position, Velocity (EME2000)
 Dynamic
 σ = 1 km, 0.23 cm/sec


Gravity / Earth / J14, J15
 Bias
 σ = 1e-9


Solar pressure scale factor
 Stochastic
 ECRV, tuned to injected noise

Estimated per measurement


Atmospheric drag coefficient
 Stochastic
 ECRV, tuned to injected noise

Estimated per measurement


Clock drift (one-way GPS Doppler only)
 Stochastic
 White noise, σ = 1e-9

Estimated at GPS satellite hand-offs


Simplification to Filter Configuration

•  Ground-based high-fidelity LKF filter mimics MRO operational orbit reconstruction

•  Optimally-tuned to expected on-orbit errors 
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Radial Acceleration
 Stochastic
 Determined from Allan Deviation

Estimated per measurement


Tangential Acceleration
 Stochastic
 Determined from Allan Deviation

Estimated per measurement


Normal Acceleration
 Stochastic
 Determined from Allan Deviation

Estimated per measurement


•  Onboard filter process noise models reduced to spacecraft-frame stochastic accelerations 
•  Account for expected on-orbit errors & low-fidelity dynamic modeling errors 
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Allan Deviation of Low-Fidelity Model Acceleration Errors

•  White process noise models accurately represent dynamic modeling errors 
•  RTN process noise strengths determined by converting Allan Variance into standard variance 
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from one-way, two-way, or pseudo-two way GPS Doppler processing, indicating that the clock
is not the dominant error source and that the one-way performance is on par with the two-way
performance. During tracking, the two-way uncertainty bounds are slightly smaller than the one-
way uncertainty bounds due to the increased data weight compensating for increased measurement
sensitivity. Furthermore, the pseudo two-way GPS Doppler is shown to be a suitable surrogate for
true two-way GPS Doppler data. During operations, the precise orbit determination derived from
all available GPS tracking data is expected to yield orbit errors < 10 cm. These high precision
results can be used as truth to unambiguously evaluate the performance of the deep space analog
orbit determination experiment.

ONBOARD NAVIGATION ANALOG EXPERIMENT

The nominal DSAC navigation analog experiment satisfies the mission requirement with ample
margin, and is reflective of the performance of traditional ground-based orbit determination opera-
tions. During such ground operations, computational efficiency and data storage are effectively not
limiting factors, and as such high-fidelity dynamic and measurement models and optimally-tuned
filter configurations may be used. Additionally, information such as spacecraft attitude telemetry,
small forces, and media calibrations are available for post-processing orbit reconstruction.

In contrast, the computational efficiency and data storage available to an onboard filter will be
limited by the spacecraft computer architecture, and the nominal models and filter configuration
must be simplified accordingly. Piping attitude telemetry and small force telemetry to the filter
complicates the data flow, and would require onboard filtering of the raw data. While general
media models may be available onboard, the empirically-determined media calibrations produced
by the DSN will not be available in real-time. This work focuses on simplifications to the filter
configuration and nominal dynamic models, and assesses the degradation of orbit determination
solutions given such simplifications.

Filter Simplications

The optimally-tuned filter presented in Table 2 may be simplified by estimating stochastic accel-
erations to account for all errors instead of the tuned atmospheric drag, solar radiation pressure, and
clock stochastic processes. The stochastic accelerations are estimated in the spacecraft-fixed Radial,
Tangential, and Normal (RTN) frame. The structure and weighting of the acceleration stochastic
processes are determined through evaluation of the Allan Deviations of the modeling errors. The
simplified filter configuration is summarized in Table 3.

The overlapping Allan Deviations of the nominal high-fidelity model RTN acceleration errors,
comprised of only the acceleration differences introduced by the errors shown in Table 1, are shown
in Figure 4. The Allan Deviations, �y(⌧), reveal that while the acceleration errors in all three direc-
tional components are primarily white, the radial and tangential components also exhibit underlying
ECRV behavior. To compensate for the dominant noise structure present in each acceleration com-
ponent, the filter stochastic acceleration parameters are tuned as white noise processes. The tuned
process noise uncertainties (�R, �T , and �N ) are shown in Figure 4; these values are determined by
mapping the long term Allan Deviation to the data interval (60 seconds), assuming white accelera-
tion noise. The 60-second Allan Deviation is then mapped to the standard variance � as6

�2 =
⌧2�2

y(⌧)

3
(4)
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Simplified Filter Performance: Orbit Solutions

•  Low-fidelity LKF orbit solutions are degraded compared to high-fidelity solutions (< 1 m), but 

still meet post-processing MRO orbit reconstruction requirements 
•  DSAC onboard clock errors do not significantly impact solution quality 
•  Pseudo two-way GPS Doppler is suitable for use in lieu of true two-way data 
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Simplified Filter Performance: Solution Accuracy & Run Time

•  Lower orbit solution accuracy compensated by improved filter run time 
•  Earth albedo & thermal emissivity models computationally expensive, but omission does not 

significantly degrade low-fidelity orbits 
•  Preliminary results yield ~ 88% improvement in run time, & solutions still satisfy MRO 

reconstruction requirements 
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DSAC Demonstration Unit
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Multi-pole 
Trap


Quadrupole 
Trap


Titanium Vacuum Tube


Mercury UV Lamp Testing


•  Current clock payload SWaP:

•  29 cm x 26 cm x 23 cm (complete payload)

•  16.5 kg (clock package)

•  46.6 W (clock package)


•  TriG POD GPS receiver

•  Identifying pathways to build deep space 

infusible version (5 kg/20W) 
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Spacecraft Shape Model

•  High-fidelity shape model:  
•  8 flat plates oriented in spacecraft-fixed frame 
•  Semi-empirical surface reflectivity properties 

•  Solar pressure & drag models require attitude knowledge to compute cross-sectional area 
and effective reflectivity coefficient 

•  Reducing spacecraft model to sphere removes attitude knowledge requirement, simplifies 
geometric computations 
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Spacecraft Surface Reflectivity Model

•  Spherical spacecraft model uses a weighted average reflectivity coefficient 
•  Computed from 8-plate model & nominal attitude profile: 

 

•  Spherical spacecraft model uses mean of weighted average reflectivity coefficient (~0.15) 
•  Spherical model does not account for specular reflectivity of flat plates 
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Figure 6. Impact of spherical harmonic gravity model size on filter performance.

⌫̄d(t) =
8X

i=1

a�,i(t)

A�(t)
⌫d,i (5)

In Equation 5, a�,i(t) denotes the sun-facing area of plate i at epoch t, A�(t) denotes the the
total sun-facing area at epoch t, and ⌫d,i is the diffuse reflectivity factor of plate i. Likewise, a
weighted average degradation factor, ̄d(t), was computed as shown in Equation 6.

̄d(t) =
8X

i=1

a�,i(t)

A�(t)
d,i (6)

The weighted average diffuse reflectivity coefficient over six orbits is shown in Figure 7. Earth
shadowing and self-shadowing effects are not taken into account (self-shadowing is also not in-
cluded in the high-fidelity models). The minimum values reflect the high absorptivity of the solar
arrays as the sun vector is predominantly in the zenith direction. The angle between the Earth-Sun
position vector and the orbital plane (�) is approximately 20�. The time average of the weighted av-
erage diffuse reflectivity coefficient is 0.1459. The diffuse reflectivity degradation factor for each of
the 8 plates is 1.0, hence the average degradation factor is simply 1.0. As discussed in Reference 2,
a spherical spacecraft shape model can not capture the spectral reflectivity of a flat plate model, and
hence the solar pressure component in the plane of a flat plate cannot be accounted for.

Atmospheric Density High-fidelty atmospheric density is via the Drag Temperature Model (DTM)
developed and maintained by the Centre National d’Etudes Spatiales (CNES). DTM is a semi-
analytic model based on temperature, density, and thermosphere composition data collected by
satellites at a variety of altitudes.7 This work utilizes the DTM-2012 model update developed by
the CNES Advanced Thermosphere Model for Orbit Prediction (ATMOP) project. The DTM-2012
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PolyDen Atmospheric Density Model

•  DTM-2012 model based on solar flux, geomagnetic activity, thermosphere constituents at 

spacecraft altitude, latitude, & local solar time 
•  Simplified density model developed by fitting polynomials to DTM-2012 density values 
•  Independent variable = true local solar time 

•  When necessary, updated DTM-2012 densities computed on ground and new polynomials 
uploaded to spacecraft  
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PolyDen Atmospheric Density Model

•  θ = true local solar time 
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Figure 7. Weighted average diffuse reflectivity coefficient computed from multi-plate
spacecraft shape model.

model computes the total atmospheric density based on solar flux, geomagnetic activity, thermo-
sphere constituents, satellite altitude, latitude, and local solar time.8

A simplified atmospheric density model was developed by performing polynomial fits to subsets
of the DTM-2012 densities with true local solar time (TLST, ✓) as the independent variable. The
data subsets separate the DTM-2012 densities into sunlight and shadow, with the shadow component
broken down into small TLST (0 to 5 hours) and large TLST (20 to 24 hours) to mitigate numerical
instabilities in the partial derivative computations. In practice, when necessary updated DTM-2012
densities could be computed on the ground and updated polynomials uploaded to the spacecraft.
Figure 8 shows the DTM-2012 densities and the polynomials model for the simulation time period;
the maximum error in the polynomials model is ⇡ 20%. The polynomials model, referred to as the
PolyDen model, is comprised of the following, where ✓ is in radians:

f(✓) =

8
><

>:

f1(✓), if ✓ 2 [5 hr, 20 hr]
f2(✓), if ✓ 2 [0 hr, 5 hr)
f3(✓), if ✓ 2 (20 hr, 24 hr)

(7)

f1(✓) = 7.29e-10(✓5)� 4.33e-8(✓4) + 9.41e-7(✓3)� 9.30e-6(✓2) + 4.34e-5(✓)� 6.83e-5 (8)

f2(✓) = 1.47e-8(✓3) + 1.32e-8(✓2)� 4.58e-7(✓) + 9.34e-6 (9)

f3(✓) = �8.96e-8(✓3) + 6.19e-6(✓2)� 1.43e-4(✓) + 1.11e-3 (10)
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Figure 8. DTM-2012 and PolyDen atmospheric density as a function of true local solar time.

Spacecraft Shape The spherical OTB representation must be sized to appropriately account for
the solar radiation pressure and atmospheric drag accelerations of the multi-plate shape model. The
solar pressure acceleration, ~aSRP (t), for a spherical spacecraft is modeled as:

~aSRP (t) = � Sf(t)C

mR�(t)2

⇢
⇡r2

✓
1 +

4

3
d⌫d

◆�
û�(t) (11)

in which S is the solar pressure scale factor (nominally 1), f(t) is the shadowing scale factor (nom-
inally 1 when the spacecraft is in sunlight and 0 when in shadow), C is the solar flux at 1 AU, m is
the spacecraft mass, R�(t) is the distance from the spacecraft to the sun, r is the spherical pacecraft
radius, and û�(t) is the spacecraft to sun directional unit vector.

The effective solar pressure spacecraft radius is computed by evaluating Equation 11 with the
high-fidelity solar pressure acceleration and the weighted average reflectivity and degradation pa-
rameters ⌫̄d and ̄d.

The computed solar pressure radius is shown in Figure 9; the mean radius value is 0.74 m.

Likewise, the high-fidelity drag acceleration is used to solve for an effective drag spacecraft
radius. The drag acceleration, ~aDrag(t), is given by

~aDrag(t) =
�⇢(t)CD⇡r2vB(t)2

2m
v̂B(t) (12)

in which ⇢(t) is the atmospheric density, CD is the drag coefficient (nominally 2.5), and ~vB(t) is
the body-fixed velocity vector. The effective drag radius is computed by evaluating Equation 12
with the high-fidelity drag acceleration and the PolyDen density model. The drag radius and its
mean value (0.38 m) are also shown in Figure 9. The mean drag radius is nearly half the size of the
mean solar pressure radius. Due to this size disparity, independent drag and solar pressure spherical
spacecraft models are defined for the low-fidelity dynamic modeling.
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The effective solar pressure spacecraft radius is computed by evaluating Equation 11 with the
high-fidelity solar pressure acceleration and the weighted average reflectivity and degradation pa-
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The computed solar pressure radius is shown in Figure 9; the mean radius value is 0.74 m.

Likewise, the high-fidelity drag acceleration is used to solve for an effective drag spacecraft
radius. The drag acceleration, ~aDrag(t), is given by
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in which ⇢(t) is the atmospheric density, CD is the drag coefficient (nominally 2.5), and ~vB(t) is
the body-fixed velocity vector. The effective drag radius is computed by evaluating Equation 12
with the high-fidelity drag acceleration and the PolyDen density model. The drag radius and its
mean value (0.38 m) are also shown in Figure 9. The mean drag radius is nearly half the size of the
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