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JINTRODUCTION

Satellite navigation and communication often require
fairly precise synchronization among - spacecraft
clocks. In the traditional method for achieving
synchronization, a ground station makes time-offset
measurements to the various spacecraft clocks, and
then updates the time and frequency of each satellite
as needed. Though straightforward in its implemen-
tation, disadvantages to the traditional approach
include the large workload placed on the ground
station, the need to have several ground stations to
view satellites in different orbital locations, and
unaccounted-for delays in atmospheric propagation.
The Milstar communications systemn has chosen

a different method for spacecraft synchronization.
Milstar’s mission is to provide secure-antijam com-
" munication capabilities for United States Department
of Defense operations into the next century,' and in
order to accomplish that task Milstar employs pre-
cise timekeeping on its satellites and at its ground

control stations.? :A Milstar ground station makes
time-offset measurements to an in-view geosynch-
ronous satellite, which for this illustrative discussion
we'.will assume is the Master, and as a result of
information passed along the satellite crosslinks,
other - satellites in the constellation (i.e., Slaves)
autonomously synchronize themselves to the Master.
Since the ground station only needs to steer the
time and frequency of a single satellite, its workload,
and hence the timekeeping-related operational costs
of the system, are held to a minimum. Moreover,
since synchronization among the satellites is
accomplished without transmission through the iono-
sphere, atmospheric propagation delays cannot per-
turb the synchronization among spacecraft clocks.
The first .of six -Milstar satellites, FLT-1, was
launched on 7 February 1994, while FLT-2, the
second Milstar satellite, was launched -on 6 Nov-
ember 1996. Each satellite carries a set of precise
clocks: FLT-1 carries crystal oscillator clocks, while
FLT-2 carries more accurate rubidium (Rb) atomic
clocks.>* The ground stations maintain precise time
with cesium (Cs) atomic clocks.* Following the
launch of the 'second Milstar satellite, crosslinks
between FLT-2 and FLT-1 were activated and FLT-

1’s timekeeping was slaved to FLT-2. In the slaving
procedure, FLT-1 uses satellite crosslink information
to rapidly correct its time so as to stay synchronized
to FLT-2, and to periodically correct its oscillator

frequency. FLT-2 is synchronized to true time
(essentially Coordinated Universal Time which is
abbreviated as UTC*) by a ground station that
periodically collects timing information from the
satellite, and after a number of days commands time
and frequency adjustments to the FLT-2 satellite
clock.’ Timekeeping data can be collected by ground
stations for both satellites, and is archived along
with any commanded time and frequency correc-
tions. Using the archived data we have becn able
to reconstruct ‘raw’ time-offsets for the FLT-1 and
FLT-2 clocks, that is the time-offsets that would
have been observed on the ground had the ground
station made no time or frequency corrections to
the satellite clocks. In the following we will show
that an Allan variance analysis of these raw time-
offsets indicates that each clock is performing well,
and that when crosslink synchronization is initiated
FLT-1 achieves a 150 nsec or better synchronization
to FLT-2 without assistance from the ground.

FLT-1 AND FLT-2 CLOCK PERFORMANCE

Deterministic Timekeeping Variations

The reconstructed raw time-offset measurements
of FLT-1 and FLT-2 are displayed by the thick
lines in Figs. 1a and 1b respectively; thin lines show
quadratic fits to the data. (In both figures, initial
time and frequency offsets were subtracted from the
data sets to better display the quadratic variation of
time-offset; and of course, the actual timekeeping
performance . of the satellites was better than that
shown in the figure due to periodic updates from
the ground.) The .quadratic fits model deterministic
variations in the clocks’ timekeeping,* and in parti-
cular the quadratic coefficients are measures of the
clocks’ fractional frequency drift rates (ie,
drift =dy/dt, where y is the fractional frequency
offset defined as 3f/f, with &f a frequency variation
from the nominal frequency fy). After a clock has
been operating for some time, so that ‘turn-on’
transients have died away, these drift rates are
expected to be either constant or to change very
slowly with time. For FLT-1, the quadratic fit yields
a drift rate of +9-8 x 107*3/day, which is quite good
for a crystal oscillator clock.® Moreover, FLT-1 has
exhibited this same drift rate since October 1994.
(The variations of timekeeping about the quadratic
fit are an indication of stochastic fluctuations in the



N oo N O
a S o 8
[
|1

!

b

QO O
1
L

-75[~ ]

-100 ' t ' l ' 1 1 { ) ! : |

@

Time-offset (usec)
o
I
|

7/24 8/21 9/18
Date in 1995

10/16

300—
200

T T I 1 | 1

o 3
T
|

-200}- —
-300 -
~400}- -

—
v —

Time-offset (usec)
1
2
o
[
|

_500-11'lr1vlrn|||||
111

3 12111, 1/8 2/5 3/4

Date in 1995/1996

Figure 1. (a) Raw time-offset history of the crystal oscillator
clock onboard FLT-1 (thick line). (b) Raw time-offset history
of the Rb atomic clock onboard FLT-2 (thick line). Thin lines
correspond to least squares quadratic fits to the data, and minor

divisions of the abscissa correspond to seven day intervals

clock’s timekeeping as will be discussed
subsequently.) Analysis of the data presented in
Fig. 1b indicates that FLT-2 has a drift rate of
~1-5 x 10-12/day. Though the magnitude of this drift
rate is a bit larger than that of the crystal oscillator
clock, it is nonetheless consistent with pre-launch
expectations for the FLT-2 Rb atomic clock at this
point in its operating life. With continued operation,
the slowly varying frequency drift rate should drop
well below the 107'2/day level and should eventually
become constant. (The deviation of the raw time-
offset data from the quadratic for the early part of
FLT-2’s time-offset history is a consequence of the
atomic clock’s warm-up behavior.”) The important
point to note from Fig. 1 for future - discussion is
that the drift rate of the FLT-1 clock is distinctly
different from that of the FLT-2 clock.

Allan variance

Taking the difference between the raw time-offset
measurements and the quadratic fit, time-offset
residuals may be computed. These residuals rep-
resent stochastic variations in the clock’s timekeep-
ing, and are typically assessed in terms of the Allan
variance of fractional frequency fluctuations, o,%(t),
where 7 is the averaging time associated with a
particular measurement . of clock oscillator fre-
quency:®

- 1 [w
Yi== f y(t) dt, (1a)

Ty

1 m-1 _
0'2 = - )2
M =5y 2 Om =5 (D)
Here, m is the number of fractional frequency values
for averaging time 7. From a practical standpoint,
computation of the Allan variance statistic requires

uniformly spaced measurements of oscillator fre-

quency. Since the archived ground station measure-
ments, and hence the time-offset residuals, are not
separated by a constant interval, interpolation of the
data is necessary in order to generate a history of
fractional frequency fluctuations amenable to Allan
variance analysis. Vermotte et al.’ have shown that
a Linear-Interpolation (LI) procedure is a viable
strategy for interpolating unevenly spaced time error
data, and we have employed their approach here.
Witn the LI procedure, the fractional frequency fluc-
tuation of an oscillator at some time t (such that
t =t <t,;) is given by

X(tiee1) — X(t)
¥ (e — ) 2)
where x(t.) is the time-offset residual at time t.

Figure 2 shows the resulting Allan standard devi-
ation, o,(t), versus 7 for the FLT-1 crystal oscillator
clock and the FLT-2 Rb atomic clock. Dashed lines
correspond to estimates of the Allan standard devi-
ation based on a simple model: satellite to ground-
station time-transfer noise dominates the Allan vari-
ance for 7= 10° seconds, while random-walk fre-
quency noise dominates o,(7) for longer averaging
times. (Satellite to ground-station time-transfer noise
is associated with randomly varying delays at the
transmitter and receiver). For the crystal oscillator
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Figure 2. Allan standard deviation, o,(1), versus averaging time
7 for the FLT-1 crystal oscillator clock (open circles) and the
FLT-2 Rb atomic clock (filled circles). The short dashed curve
is the anticipated Allan standard deviation for the Rb atomic
clock, while the long dashed curve corresponds to the crystal
oscillator clock’s random-walk of frequency noise

clock the long-term Allan standard deviation is well
modeled by oy(7) =16 x 107" 7'/2, a value consist-
ent with a high performance crystal oscillator
clock.’ For the Rb atomic clock the long-term Allan
standard  deviation is well modeled by
0y(1) =2-2x 107" 7!/2, again a value consistent with
a well-functioning device.!! We note that the lower
value of random-walk frequency noise for the Rb
atomic clock, compared to the crystal oscillator
clock, is the reason for its superior timekeeping
capability.

SATELLITE CLOCK AUTONOMOUS
SYNCHRONIZATION

As noted in the Introduction, following the launch
of FLT-2 the FLT-1 satellite became a slave to
FLT-2, and therefore tieC its crystal oscillator clock
to the FLT-2 atomic clock using crosslink timing
information. Given the archived data of FLT-1’s
time-offset during the slaving period, aiong with
ground station corrections to FLT-2 and FLT-1, it
is possible to reconstruct the timekeeping behavior
of FLT-1 while it was slaved to FLT-2. This is
shown in Fig. 3, where the black data points corre-
spond to FLT-1 raw time-offset measurements, and
the curve is a quadratic least squares fit to the data.
(We note for future reference that FLT-1 slaving to
FLT-2 was deactivated for several days during this
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Figure 3. Raw time-offset of the FLT-1 crystal oscillator clock

(black points) while it was slaved to the FLT-2 Rb atomic clock.
The thin curve is a least squares quadratic fit to the data

period). The fit yields a fractional frequency drift
rate of —2-3 x 107'?/day. This is to be compared
with the FLT-1 crystal oscillator’s intrinsic drift
rate of +9-8 X 107'%/day. The roughly -3 x 10~'2/day
change observed in FLT-1 crystal clock drift is not
due to a problem with the clock, but rather to the
fact that during this period the FLT-1 clock main-
tained tight synchronization to the FLT-2 Rb atomic
clock, which had a negative drift rate. We further
note that the discrepancy between the
—2.3x107'%/day drift rate of FLT-1 and the
—1-5x10'%/day drift rate of FLT-2 is a conse-
quence of the few days during this period when
slaving was turned off. If an attempt is made to
account for those few days, the FLT-1 and FLT-2
drift rates become nearly identical.

An estimate of the level of synchronization
between FLT-1 and FLT-2 may be obtained from
raw time-offset measurements made to both satellites

by a single ground-station. As illustrated in Fig. 4
this occurred in early February -of 1996. On .8
February 1996 a ground-station commanded a time
and frequency correction to the FLT-2 atomic clock,
and then began making time-offset measurements to
FLT-1 (filled circles in the figure). Then, on 9
February 1996 the same ground station began mak-
mg time-offset measurements to FLT-2 (open circles
in the ﬁgure) The solid line is a quadratic fit to
all the data, clearly mchcatmo that the ground-station
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synchronized FLT-2 to true time. FLT-1 was not
corrected by any ground command, but rather by
autonomous crosslink synchronization to FLT-2.
Based on ihe deremnunistic and stocnasuc variations
of the crystal clock’s timekeeping, and the fact that
FLT-1 received its last correction from the ground
on 4 February, FLT-1’s time offset from true time
should have been appreciable on the scale of Fig. 4
(i.e., at the 1-o level somewhere within ~ +3 pLsec
of true time). However, as a consequence of
crosslink synchronization to FLT-2, FLT-1’s time-
offset from true time was near zero.

_Computing the standard deviation of time-offset
residuals from the’ quadratic regression line in Fig. 4,
we have opr,=141nsec and ogr; =207 nsec.
These variations about the regression line are a
consequence of: 1) satellite to ground-station time-
transfer noise, 2) diurnal oscillations due to the
satellite. clocks’ temperature sensitivities, and 3)
crystal oscillator and atomic clock noise processes.
Addmonally, the FLT-1 variations must include the
residuals associated with the slaving process. It
should be noted, though, that the clock noise contri-
bution to o 1.x will be larger for FLT-1 than for
FLT-2 due to the Rb clock’s smaller value . of
random-walk frequency noise. Also, any temperature
contribution to 0% 1.x will be larger for FLT-1 than
for FLT-2 due to the Rb clock’s inherently lower
sensitivity to .temperature variations. Consequently,
if we assume that the various processes listed above
coutribute to ¢4 1.x in an independent fashion, and

that the satellite to ground-station time-transfer noise
contributes equally to oZr., and ofr, We can
obtain an upper bound on the slaving process’s error
in synchronizing FLT-1 to FLT-2 by comblmng
these two standard deviation values:

2 _g2  =152nsec. (3)

Osiaving = 1/ T g1 FLT-2

Thus, the data demonstrates that the two spacecraft
were synchronized to within £150 nsec, independent
of ground-station intervention.

CONCLUSIONS

As satellite navigation and communication appli-
cations increase, greater emphasis will be placed
on synchronizing spacecraft clocks independent of
ground intervention. In part, this situation will be
motivated by a desire: 1) to reduce the workload at
mission control ground stations and reduce system
operating costs, 2) to control a geosynchronous con-
stellation from a single location, and 3) to reduce
unaccounted-for delays in atmosphenc propagation.
Milstar is ‘the first satellite system to employ
crosslink synchronization for geosynchronous space-
craft, and here we have demonstrated the efficacy
of that method. Specifically, our results show that
crosslink synchronization has allowed FLT-1 and
FLT-2 to achieve a +150 nsec (or better) ‘level of
synchronization w1thout intervention ‘from the
ground. : o
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staff's wide-ranging expertise and its ability to stay abreast of new technological developments and
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provided by these individual Technology Centers:

Electronics Technology Center: Microelectronics, VLSI reliability, failure analysis,
solid-state device physics, compound semiconductors, radiation effects, infrared and
CCD detector devices, Micro-Electro-Mechanical Systems (MEMS), and data storage
and display technologies; lasers and electro-optics, solid state laser design, micro-optics,
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materials: metals, alloys, ceramics, polymers and composites; development and analysis
of advanced materials processing and deposition techniques; nondestructive evaluation,
component failure analysis and reliability; fracture mechanics and stress corrosion; analy-
sis and evaluation of materials at cryogenic and elevated temperatures; launch vehicle
fluid mechanics, heat transfer and flight dynamics; aerothermodynamics; chemical and
electric propulsion; environmental chemistry; combustion processes; spacecraft structural
mechanics, space environment effects on materials, hardening and vulnerability assess-
ment; contamination, thermal and structural control; lubrication and surface phenomena;
microengineering technology and microinstrument development.

Space and Environment Technology Center: Magnetospheric, auroral and cosmic ray
physics, wave-particle interactions, magnetospheric plasma waves; atmospheric and
ionospheric physics, density and composition of the upper atmosphere, remote sensing,
hyperspectral imagery; solar physics, infrared astronomy, infrared signature analysis;
effects of solar activity, magnetic storms and nuclear explosions on the earth's atmos-
phere, ionosphere and magnetosphere; effects of electromagnetic and particulate radia-
tions on space systems; component testing, space instrumentation; environmental moni-
toring, trace detection; atmospheric chemical reactions, atmospheric optics, light scatter-
ing, state-specific chemical reactions and radiative signatures of missile plumes, and
sensor out-of-field-of-view rejection.




