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* Recelver solves for position p, and time t, on its local clock
using at least four satellites:

Three unknowns

pi=cot = Ip/ Sl +c(t, — 1)+
7

Signal Transit Time

* The clock offset 1s one unknown, if t; = t;, for all satellites j,k.

* The common reference time for the system allows the system
clocks to become effectively synchronized.

pi = cbt = |p, — p;l + c(t, —t5) +clts —t;) + -

* Krrors in t; — t; translate into user range error.
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FAST. FORWARD.

Solves for all
system clocks
with respect to
reference clock R.

Calculates
reference time E
and returns clock
estimates with
respect to K.
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Requirements Highlights

« Estimate phase, frequency and « NRL’s timescale refined and
drift of each constellation compleﬁely re-.coded in C++ with
member in real time. extensive testing.

e Generate an ensemble reference » Standard Kalman Filter for real
independent of any particular time 1mplementation.
master clock. « Covariance factorized by P = UDU7

* Be able to observe and steer to * Clock weighting algorithm
external solutions and timing partitioned to four states.
I‘efeI'eIlCGS— USNO, 1Il pal‘ticular. ° Independent measurement Welght

+ Respond to clock anomalies. reduces impact of outliers or

excesslve noise on measurements.
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High frequency TKS noise in
Block IIR / IIRM satellites.

Periodics detected 1n clock phase at 1/rev and 2/rev.

Not observed
in the lab.
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White Noise White Noise White Noise

2
Q? . %
& 72
Q
“@.
Environmental Contributions
O ® O O
a,cos( w t)+ b cos(wt) ay cos( @, t) + b, cos( ay,t)
Periodic at 1/ Rev Periodic at 2/ Rev

A small random walk process is modeled for each environmental state allowing sufficient
flexibility in the filter for the states to converge to each clocks’ periodic components.
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Response of Clock Estimates to Phase Break
Anomaly with Different Parameter Values

Final clock estimates are calculated with
Kalman Gain K and observation zf(t;) by

70 T ! ! ! ! ! ! T
A A — R ~ _ 68 - i
X;(te) =X (tg) + A4 K (7" (&) — Xp; () 2. | |
L oit
* Bad measurements can ruin the clock . |
estimates X;(ty). 0 | | | | | | | | |

. . . . 420 422 424 426 428 430 432 434 436 438 440
 Reduce impact on the estimation with

independent measurement weight, A4,. 50 | | | | | | | |
O < A <1 Measurement z*

l 18 Estimate with A; =1 | 7

& Estimate with A; = 0
R ~AR _ . = 16 - Controlled Correction | |
o If |z (tx) — X,; (¢) | 1s small, then 4; = 1. 2, |
. . . o

 When this difference is larger than 5, then 12} ]

we reduce A, to 0. 0 | . | | | | | | |

420 422 424 426 428 430 432 434 436 438 440

Hours Since Start of Test
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If a break in the clock measurement has been identified, the break handling algorithm
attempts to adjust the clock state and covariance to match.

Phase Break Frequency Break
Following a break in phase, an impulse can be After a frequency break, one can add to the
added immediately: process noise parameter to inflate the covariance:

t
x(t) = ©x(4,) + 6% Q = j ch (S +5S) ®7 dt
t

« Typically the filter estimates converge to the J

new phase value quickly (within one epoch). » Guves flexibility for the filter to converge on a
* Clock can participate as ensemble member new frequency value.

1mmediately after the impulse. * Clock must lose ensemble membership until

state error covariance reduces.

Even if a particular break i1s not corrected quickly, the ensemble’s stability 1s protected throughout.
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The ensemble algorithm has a dynamic clock weighting routine that updates the
welghts from one epoch to the next depending on: clock noise spectral densities, clock
state error covariance, and recent clock anomalies.
13 1 Hour 1 Day
WP e e, Utilige multi—weighting to gain the most

Clock Type 1
Clock Type 2 - stable components of the various clocks.

Ensemble

 Allows the ensemble to achieve better
stability for a wider range of averaging
intervals.

\\/1 * One set of weights exists for each noise

process. For example, the constrain on
the phase state random walk 1s:

10'14 N

Allan Deviation

N
T > Wil 2t - 2, (6] = 0
i=1

10 10° 10* 10° 10°
Averaging Interval / seconds
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 Ensemble maintains a low offset from UTC(USNO) using Linear Quadratic Gaussian
steering.

« System continues to broadcast GPST — UTC(USNO) offset so that the system effectively
broadcasts USNO'’s realization of UTC.

/Ground Control Software

e I

: : A A
Orbit / Clock Filter B3 I

ETF Steer
Generates GPST) BSel (Command
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Data Set

Data Set & ETF Configurations:
110 day period; 5-minute data
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Clock data ingested are the clock solutions of JPL’s RTGx.

Ground Clocks Satellite Clocks
— High performance cesiums 3 Block ITA Rb // 2 Block ITA Cs
— UTC(USNO) 12 Block IIR Rb // 7 Block IIR M Rb

7 BIIF Rb / 1 BIIF Cs
Upper limit of weights: 2.5/N
Measurement noise assumed white at 300 ps

6 Frequency Breaks owing to Delta-V removed using ETF
manual break facility

3 Drift Upload Drift Breaks also removed

Clock model parameters determined using same data and
Hadamard deviation profiles

Periodic state estimation turned ON for all satellites at
frequencies of 2.003 and 4.006 cycles/day.
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) o Clocks versus Timescale Stability
" Total phase state absorbs the environmental periodics Al Clocks Reference to "Measured" Ensemble Timescale
thereby protecting the ensemble. f Delta-V frequency breaks & dtift
102 ¢ upload breaks have been E
Power Spectral Density removed from these series
Constellation AveragePSD
]_01 3 —e— (Total) Phase State (includes harmonics) 3 g 10713 F =
i Phase State (no harmonics) =i F
>
a
10°F * Ep
1007 F E
g
!
T
1L i
g0 : " | —+— Block I1A
= ? 15 g ] 10715 L[+ Block IR ]
o Eatls P | | —— Block ITF
1072k o ' ——USNO ‘ Timescale consistently outperforms
NGA Ground Station | 41] ¢]ocks at nearly all tau
o Estimated Ensemble
10-16 I R R I R Ll A A A R
10731 10° 10" 10° 10°
Averaging Interval (seconds)
» ;;‘3‘ = No common mode timescale effects seen even after tens of days.
0, S e
Cycles Per Day = Upper limit of timescale weights imposed 1s 6.5%
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