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Agenda


• Europa gravitational tide estimation via a flyby mission


• Low Gain Antennas for deep space tracking

• Uplink-only telecommunication system design


• Expected DSAC performance 


• Doppler tracking data quality


• Analysis of gravitational tide estimation performance

• Linearization issues for perturbed initial conditions


• B-plane target constraints to maintain filter linearization


• Approach orbit determination to satisfy B-plane constraints


• Conclusions
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Europa Gravity Science: Subsurface Ocean Confirmation


• Primary science goal at Europa to confirm existence of and 
characterize Europa’s subsurface liquid ocean


• Liquid/ice ocean perturbed by Jupiter and causes Europa 
gravitational fluctuations


• Europa tidally locked to Jupiter, with k22 gravitational tide 
coefficient dominating time-varying response 


• Estimating k22 term with uncertainty < 0.05 strongly 
supports ocean’s existence


• Europa flyby mission has limited radiometric data to estimate 
gravity field coefficients and their time variations


• Gravitational tide sensitivities limited to close approach


• Potential ~ 2.5-year tour includes 45 flybys of Europa, and 
accumulates a few hours of useful X-band tracking data per 
flyby


• Gravity information from each flyby accumulated to 
produce a global gravity solution; solution quality strongly 
correlated to Doppler quantity and quality


• Jovian moon tour designed in part to optimize Europa 
gravity science return
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LGA Telecommunication System Design


• LGA uplink-only link budget assessed to determine whether sufficient SNR can be realized 
at the spacecraft


• Received power-to-noise requirements for tracking (including 3 dB-Hz margin):

• Closed-loop ≥ 20 dB-Hz


• Open-loop ≥ 10 dB-Hz

• Standard LGA and DSN values represent realistic telecommunication design parameters:
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Figure 1. Pointing loss of the LGA receive antenna

Table 1. X-Band Uplink Link Budget

Transmitter Parameters

Transmit Frequency (f) 7.1531 GHz
Transmitter Power (Px) 20 kW

Transmitt Antenna Gain (Gt) 66.96 dBi
Wave Guide Loss (Lwg) -0.6 dB

Transmit Antenna Pointing Loss (Lpoint,X) -0.2 dB

Path Parameters

Atmospheric Attenuation Loss (La) -0.2 dB

Receiver Parameters

Polarization Loss (Lpol) -0.04 dB
Receive Antenna Pointing Loss (Lpoint,R) [-12.75 dB, 0 dB] for = [75,0]

Receive Antenna Gain (Gr) [5 dBi, 6 dBi]
Lumped Ckt/Antenna Loss (Lckt) -4.5 dB

The uplink power-to-noise ratio as received by the spacecraft LGA for typical receiver gain values
and off-boresight pointing angles of 0and 75is shown over the course of the tour in Figure2.
The Europan flyby epochs are denoted by the dashed vertical lines. At 75 off-boresight pointing,
5.5 dBi of receiver antenna gain satisfied the open-loop trackingC/N0threshold for all flybys,
demonstrating that open-loop tracking is achievable (with margin) over nearly the full LGA FOV.
The results also indicate that approximately 3 dB of margin remains on the closed-loopC/N0
threshold when tracking along the antenna boresight. Consulting Figure1, the closed-loop threshold
could be satisfied down to a 35half-angle FOV. Confining the LGA FOV to aa 35half-angle will
impose attitude constraints similar to those on medium gain fan beam antennas. As open-loop
tracking is sufficient for the gravity science purposes, it is assumed that the LGA FOV is realizable
up to a 70half-angle. With one LGA mounted on each of the six spacecraft body-fixed axis, near
continuous open-loop uplink tracking is feasible throughout the Europan flyby tour.
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Modeled from MRO LGA!
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• Assessment of received C/N0 over flyby tour shows that LGA can supply sufficient gain for 
open-loop uplink-only tracking


• With 5.5 dBi of gain, can tolerate off-boresight angle up to ~ 75°

• Assume one LGA per spacecraft side  continuous LGA coverage (open-loop)
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Expected DSAC Performance


• Deep Space Atomic Clock (DSAC) Technology Demo Mission will demonstrate on-orbit 
performance of small, low-mass mercury ion atomic clock in LEO


• Planned launch in May 2016 as hosted payload (SST-US Orbital Test Bed)

• TRL 5  TRL 7
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• Expected LEO performance 
< 3e-15 at 1 day


• Performance on par with 
DSN Frequency and Timing 
System


• DSAC corrects USO-
generated frequency signal


• USO frequency errors 
randomly walk with 
large integration times


• After control cycle, 
frequency noise falls off 
as white noise
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mercury ion atomic clock in the Low Earth Orbit environment for a duration of one year. DSACs
on-orbit stability, as measured by its Allan Deviation (AD), is expected to be less than 3e-15 at one
day, with a ground laboratory version of DSAC currently demonstrating an AD of approximately
1e-15 at one day (Figure3).

DSAC provides a frequency correction capability which allows for an adjustment to be made to
the frequency of a USO-generated signal.5The signal remains uncorrected for one DSAC control
loop cycle (nominally 10 seconds), meaning that the short-term DSAC noise up to 10 seconds is
driven by its USO. However, after one control loop cycle the USO signal frequency corrections are
effectively implemented, and the corrected signal is dominated by the DSAC white frequency noise,
as illustrated in Figure3. The performance of the mercury ion atomic resonator can be quantified
by the white frequency component of the frequency error uncertainty (xf) model presented in
Reference17:

2
xf
(⌧)=

h0
2⌧
⇡
1.8e 25

2⌧
(5)

xf(60s)⇡ 3.79e-14⇡0.0114mm/s (6)

in which DSAC’s white frequency Allan variance parameter,h0, is approximately 1.8e-25. The
Doppler integration time used for this analysis is 60 seconds; the 60-second white noise obtained
through evaluation of Eq.6at⌧= 60seconds is approximately 3.8e-14 in fractional frequency
(0.0114 mm/s).

!
Figure 3. Empirical (ground) mercury ion clock stability compared to typical USO
and Rubidium atomic clock stability13

Assuming no DSAC frequency signal compensation, the Cassini-Grade USO whose Allan devi-
ation is shown in Figure3exhibits a flicker floor at approximately 1e-13 (0.03 mm/s) up to 100
seconds. However, the short-term Doppler measurement noise alone is not a sufficient metric for
comparison of USO-enabled and DSAC-enabled tracking data. Characteristic of USO performance
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A prioristate errors are injected into the filter nominallocalandglobalstates at the 1-level.
Theglobalparameter injected errors remain fixed throughout each realization, while thelocalpa-
rameter injected errors are randomized for each flyby. As a flyby mission produces gravity science
data in a discontinuous manner, the information gained from individual flybys must be accumulated
to produce a total improvement in gravity field knowledge. On the first flyby, the uncertainty is ini-
tialized as shown in Table2andapriorierror is injected onto all states. On all subsequent flybys,
the filter nominalglobalstates and their associated covariance are initialized as the filter solution
from the previous flyby, while the filter nominallocalparameters are randomized and the covariance
initialized by the uncorrelated 1-values shown in Table2. The injected gravitational tide error is
constrained such that the filter nominal Love numbers are always positive values, in order to reflect
the physical constraints of tidal variations due to a rigid or liquid body.

Table 2. Gravity Science Filter Configuration

Estimated Parameter Parameter Type A PrioriUncertainty

Position (EME2000) Local 10 km

Velocity (EME2000) Local 1 cm/sec

RTN accelerations Local 5e-12 km/sec2

Europaµ Global 320 km3/sec2

Europa k20,k21,k22 Global 0.3

Europa 20x20 spherical harmonic coefficients: n = 2 Global = 10000⇤

✓
28e-5
n2

◆✓
Rmantle
Re

◆n

Europa 20x20 spherical harmonic coefficients: n>2 Global =

✓
28e-5
n2

◆✓
Rmantle
Re

◆n

Initial simulations revealed filter linearization issues when theaprioristate errors were injected
at the 1- level. As an example, Figure6presents thek22Love number solution error and 3- un-
certainty envelope over the course of the flyby mission for several realizations. In each realization,
theapriorierror on theglobalstates was injected at the full 1-level, while theapriorierror on
thelocalstates was injected at 0%, 1%, 10%, and 100% of the 1-level. Gaussian measurement
noise was included in each realization in accordance with the uplink-only Doppler noise profile
shown in Figure5. Although only showing a single realization for each set of initial state perturba-
tions, the results demonstrate that the filter performs well when little to no error was injected on the
position, velocity, and accelerationlocalstates. However, when theaprioriposition, velocity, and
acceleration error was injected at the full 1- level, the reference trajectory may deviate from the
truth trajectory such that the linearization assumptions of the sequential Kalman filter are violated,
and the estimatedk22errors are no longer within the formal 3- uncertainty bounds.

Randomization of thelocalstate initial conditions was utilized to develop constraints to ensure
that the filter’s linearization assumptions are not violated.A priorierrors were injected at 5% and
100% of the 1- level for thelocalandglobalstates, respectively. Over 100 randomized realizations
were generated to provide a sufficient number of samples for statistical assessment of the initial
conditions. Even with only 5% of the error injected, approximately 3.7% of the flyby realizations
violate the 3- uncertainty bounds, as is shown in Figure7.
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Gravitational Tide Recovery: Simulation Configuration


• Gravity science filter performance assessed via numerical simulation


• 4-hour truth trajectory numerically integrated for each flyby (± 2 hours about periapsis)

• Point mass gravity (Sun, planets, other Jovian moons), 20x20 Europa static gravity field + 
gravitational tide (k20 = k21 = k22 = 0.2)


• X-band one-way uplink Doppler tracking data generated from truth trajectory

• LGAs on each s/c face  continuous tracking data available 


• Measurements degraded with white phase noise based on flyby-dependent Doppler noise model


• Filter nominal initial conditions perturbed by a priori errors on all estimated states

• Sequential UD Kalman filter configuration:
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Gravitational Tide Recovery: Stitching Flyby Solutions Together


• Filter nominal initial conditions defined via truth values + Gaussian random errors (1σ)

• Local parameters: a priori errors injected on each flyby


• Global parameters: a priori errors injected on first flyby only, with filter solutions from flyby N 
passed forward to initialize flyby N+1 nominal states


• Love number error injection constrained such that filter nominal Love numbers > 0


• A priori covariance definition reflects feed-forward of global parameter solutions

• Flyby 1 a priori covariance initialized as diagonal matrix with nominal 1σ values


• After first flyby, a priori global covariance is initialized as the previous flyby’s covariance solution


• A priori local covariance always reinitialized as uncorrelated nominal values
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craft’s Europa-centric inertial position and velocity vectors, constant accelerations in the radial,
tangential, and normal (RTN) orbit frame representative of unmodeled accelerations, Europa’s grav-
itational parameter (µ), second degree Europa gravitational tide Love numbers (k20,k21, andk22),
and the zonal and sectoral coefficients of a 20x20 Europa spherical harmonics gravity field. All es-
timates states are classified as eitherlocalorglobalparameters;localparameters are states that are
unique to each flyby, such as the position, velocity, and acceleration terms, whileglobalparameters
are states that are constant throughout the simulation, such as Europan gravity field coefficients.
Allglobalparameters are estimated as bias parameters, while thelocalposition and velocity states
are dynamic parameters. The RTN accelerations are estimated in 8-hour batches as white noise
stochastic parameters.

Theaprioriuncertainties of the Europan gravitational tide Love numbers and strongly-correlated
second degree spherical harmonic coefficients are sufficiently inflated to represent effectively noa
prioriinformation regarding the existence of a sub-surface liquid ocean. The higher degree (n>2)
gravity field coefficient uncertainties are initialized according to the Kaula rule, assuming a Europa
radius (Re) of 1565 km and mantle radius (Rmantle) of 1465 km.

2 Theaprioriuncertainty of
all estimated states is assumed to be uncorrelated. Table2summarizes the gravity science filter
configuration.

A prioristate errors are injected into the filter nominallocalandglobalstates at the 1-level.
Theglobalparameter injected errors remain fixed throughout each simulation realization, while
thelocalparameter injected errors are randomized for each flyby. As a flyby mission produces
gravity science data in a discontinuous manner, the information gained from individual flybys must
be accumulated to produce a total improvement in gravity field knowledge. On the first flyby, the
uncertainty is initialized as shown in Table2andapriorierror is injected onto all states. On all
subsequent flybys, the filter nominalglobalstates and the associated covariance are initialized as the
filter solution from the previous flyby, while the filter nominallocalparameters are randomized and
the covariance initialized by the uncorrelated 1-values shown in Table2. The injected gravitational
tide error is constrained such that the filter nominal Love numbers are positive values, in order to
reflect the physical constraints of tidal variations due to a rigid or liquid body.

Table 2. Gravity Science Filter Configuration

Estimated Parameter Parameter Type A PrioriUncertainty

Position (EME2000) Local 10 km

Velocity (EME2000) Local 1 cm/sec

RTN accelerations Local 5e-12 km/sec2

Europaµ Global 320 km3/sec2

Europa k20,k21,k22 Global 0.3

Europa 20x20 spherical harmonic coefficients Global =

✓
28e-5
n2

◆✓
Rmantle
Re

◆n

P(N)=


P(N)local P(N)local/global

P(N)local/global P(N)global
(11)

10

Flyby N solution covariance: 

P̄(N+ 1)0=

"
P̄0,local [~0]

[~0] P(N)global

#

(12)

The initial Monte Carlo analysis revealed filter linearization issues when theaprioristate errors
were injected at the 1- level. As an example, Figure6presents thek22Love number solution
error and 3- uncertainty envelope over the course of the flyby mission for several realizations. In
each realization, theapriorierror on theglobalstates was injected at the 1- level, while thea
priorierror on thelocalstates was injected at 0%, 1%, 10%, and 100% of the 1-level. Gaussian
measurement noise was included in each realization in accordance with the uplink-only Doppler
noise profile shown in Figure5. Although only showing a single realization for each set of initial
state perturbations, the results demonstrate that the filter performs well when little to no error was
injected on the position, velocity, and accelerationlocalstates. However, when theaprioriposi-
tion, velocity, and acceleration error was injected at the full 1-level, the reference trajectory may
deviate from the truth trajectory such that the linearization assumptions of the sequential Kalman
filter are violated, and the estimatedk22errors are no longer within the formal uncertainty bounds.
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Figure 6.k22solution error and formal 3-uncertainty bounds for varyingaprioristate errors

Randomization of thelocalstate initial conditions was utilized to develop constraints to ensure
that the filter’s linearization assumptions are not violated.A priorierror of the initial states was
injected at 5% and 100% of the 1-level for thelocalandglobalstates, respectively. Over 100
randomized realizations were generated to provide a sufficient number of samples for statistical
assessment of the initial conditions. Even with only 5% of the error injected, approximately 3.7%
of the flyby realizations violate the 3- uncertainty bounds, as is shown in Figure7.

Statistical analysis of thelocalinitial condition error distributions revealed no distinction be-
tween initial conditions that resulted in realizations that did and those that did not violate the 3-
uncertainty bounds. However, analysis of the filter’s nominal trajectory errors at the Europa close
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Gravitational Tide Recovery: Initial Results


• Initial simulations injected a priori local errors at 0%, 1%, 10%, and 100% of 1σ levels

• Global state errors injected at 100% of 1σ level


• Filter performs well when little to no local errors injected, but errors deviate outside formal 
uncertainty bounds as a priori errors are increased  filter linearization issues
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Statistical Assessment of Linearization Conditions


• Randomization of local state initial conditions utilized to develop constraints such that 
filter’s linearization assumptions are not violated


• 100+ randomized realizations generated  3.7% of solution errors outside 3σ bounds
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Injection level of a priori errors: 
Local = 5% of 1σ 
Global = 100% of 1σ 

No statistical differentiation between 
“good” and “bad” initial conditions at 

filter’s reference epoch 
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Statistical Assessment of B-Plane Target Errors


• Mapping each realization to close approach B-plane reveals conditions which will drive filter’s 
linearization assumptions to be violated


• Flyby 2 is first very low altitude Europa encounter (100 km)   coupling of large gravity a priori 
uncertainties & measurement sensitivity can push filter solution outside of linear region
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B.T 1-σ ≤ 5.1 km 
B.R 1-σ ≤ 5.8 km 

  

Time of Periapsis  
1-σ ≤ 0.6 sec 
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Approach Orbit Determination: B-Plane Targeting Constraint


• Statistically-derived B-plane constraints may be satisfied with additional pre-flyby 
tracking


• Process tracking data preceding flyby period to estimate corrections to the local 
states at the gravity science filter’s reference epoch 


• No additional s/c attitude constraints given LGA (hemispherical FOV)
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• Parametrically determine required 
approach tracking arc to meet Flyby 2 
B-plane constraints


• Process tracking data up to 2 
hours before close approach 
(gravity science reference epoch)


• Map formal state uncertainty at 
data cut off (DCO) to close 
approach B-plane


• Compare mapped uncertainties 
against statically-determined B-
plane requirements


All B-plane 
uncertainty 

constraints satisfied 
with at least 12 hours 
of approach tracking 



National Aeronautics and Space Administration

Jet Propulsion Laboratory

California Institute of Technology


Deep Space Atomic Clock Project


123456789101112131415161718192021222324252627282930313233343536373839404142434445
−1

−0.8

−0.6

−0.4

−0.2

0

0.2

0.4

0.6

0.8

1

Flyby Number

k
22
 
Er
r
or
 
& 
3−
σ
 
U
nc
er
ta
in
ty

Approach Orbit Determination: Solution for 12 Hours Pre-Flyby Tracking

• 50+ realizations generated to assess gravitational tide estimation with the addition of 12 hours of pre-
flyby approach OD tracking


• All initial conditions perturbed at the 1-σ level (local & global states)


• State errors injected at approach orbit determination filter’s reference epoch


• Results demonstrate that the approach orbit determination successfully constrains nominal trajectory 
to within filter’s linear region
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Gravity science 
requirement met 
at Flyby 15 

Solution errors biased due 
to injection error biasing 

(k22 ≥ 0) 

80% margin on final 
solution uncertainty 
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Conclusions


• Explored the feasibility of using LGAs and DSAC for deep space uplink-only open-loop 
Doppler tracking


• LGAs provide sufficient gain across a nearly hemispherical FOV for Jovian tour


• Doppler tracking via LGAs imposes no attitude constraints on spacecraft


• DSAC provides onboard frequency accuracy, stability performance necessary to realize 
high-quality uplink-only Doppler data


• Numerical simulation of Europa flyby gravitational tide estimation revealed filter 
linearization issues tied to E2 B-plane targeting performance


• 12+ hours of approach OD tracking provides a solution to maintain filter linearization 
assumptions and produce a gravity solution that is accurately represented by formal 
uncertainty bounds


• DSAC+LGA tracking configuration satisfies gravity science requirement in first15 flybys, with 80% 
margin on the final solution
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Backup Slides: Link Budget Equations


18

*Mission Concept Only – Predecisional – For Planning and Discussion Purposes Only


The effective isotropically radiated power (EIRP) is computed in dBi as:10

EIRP=Px+Gx+Lwg+Lpoint,x (1)

in whichPxis the DSN transmitter power,Gxis the DSN transmitter gain,Lwgis the DSN transmit-
ter wave guide loss, andLpoint,xis the DSN transmit antenna pointing loss. The values selected for
the transmitter represent the 20 kW 34-m beam wave guide DSN antennas. Such antennas are avail-
able at each of the Goldstone, Canberra, and Madrid DSN complexes, and are capable of supporting
S-, K-, X-, and Ka-band uplink radiometric tracking.11

The space loss (Ls) as the signal propagates across the Earth-to-spacecraft distanceRis modeled
as:10

Ls=

✓

4⇡R

◆2
(2)

where is the signal wavelength. The spacecraft received power,C, is computed as:10

C=EIRP+Ls+La+Lpol+L()point,r+Gr+Lckt (3)

in whichLais the atmospheric attenuation,Lpolis the receiver polarization loss,L()point,ris the
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• Effective isotropically radiated power:


• Space loss:
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• Spacecraft received power:
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• Receiver noise spectral density:
Finally, the receiver noise spectral density is computed as:10

N0=kTs (4)

in whichkdenotes the Boltzman constant (1.380e-23 J/K) andTsdenotes the system noise temper-
ature (450.57 K).

The uplink power-to-noise ratio as received by the spacecraft LGA for typical receiver gain values
and off-boresight pointing angles of 0and 75is shown over the course of the tour in Figure2.
The Europa flyby epochs are denoted by the dashed vertical lines. At 75 off-boresight pointing,
5.5 dBi of receiver antenna gain satisfies the open-loop trackingC/N0threshold for all flybys,
demonstrating that open-loop tracking is achievable (with margin) over nearly the full LGA FOV.
The results also indicate that approximately 3 dB of margin remains on the closed-loopC/N0
threshold when tracking along the antenna boresight. Consulting Figure1, the closed-loop threshold
could be satisfied down to a 35half-angle FOV. Confining the LGA FOV to a 35half-angle will
impose spacecraft attitude constraints similar to those when using medium gain fan beam antennas.
As uplink open-loop tracking is sufficient for the gravity science purposes, it is assumed that the
LGA FOV is realizable up to a 75half-angle. With one LGA mounted on each of the six spacecraft
body-fixed axes, continuous open-loop uplink tracking is feasible throughout the Europa flyby tour.
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Figure 2. Received Signal-to-Noise at spacecraft over flyby mission lifetime. Dashed
vertical lines denote Europa flybys.

Expected DSAC Performance

The DSAC project is a NASA Technology Demonstration Mission (TDM) that will bridge the
gap between ground and space clocks by validating the on-orbit performance of a small, low-mass
mercury ion atomic clock with long-term stability and accuracy on par with the clocks in use at the
DSN. DSAC is planned to launch in May 2016 as a hosted payload onboard the Surrey Satellite
Technology Ltd. Orbital Test Bed spacecraft. The DSAC TDM will validate the performance of the
mercury ion atomic clock in the perturbations of Low Earth Orbit for a duration of one year. DSACs
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Backup Slides: B-Plane Description


• “Derivation of the B-plane (Body Plane) and it’s Associated Parameters”, Moriba Jah:
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