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Abstract

The Remote Synchronization System for the Onboard Crystal Oscillator (RESSOX) is a new
timekeepingmethod for the Japanese QuaZenith Satellite System (QZSSand a remote
synchronization system for the onboard crystal oscillator of a satellite and the atomic clock of
the ground station. RESSOX is developed with an eye to replacing the onboard atboai
One of the serious problems of RESSOX is that the QZSS must have an approximately 35
minute communication interruption twice a day to avoid interfering with the communication of
other geostationary satellites when the QZS crosses the equator. in@tihe communication
interruption, the onboard crystal oscillator will be controllechot by RESSOX but by an
onboard local system. Two control algorithms were proposed: (1) the avemag of adjacent
voltage data and (2) the firstorder extrapolation of adjacent voltage data prior to
communication interruption. As the behavior of the crystal oscillator is statistical, we
attempted to apply a statistical method using our RESSOX hardygafevaresimulators for the
evaluation. At leasLl2 experimentfsimulations were conducted for each case. The standard
deviations of the maximum synchronization er®rduring the 35minute communication
interruption between the onboard crystal oscillator of the satellite and the atomic clock of the
ground station were cmpared. The results of simulations and experiments correspond to
each other. In general, the results obtained by averaging show better synchronization than
thoseobtainedby first-order extrapolation The best result was given by the caseawéragng
100 adjacentvoltage data and the standard deviationf the maximum synchronization error
was2.80ns.

[. INTRODUCTION

The quasizenith satellite system (QZSShasbeen undedevelpmentas a Japanespaceprojectsince
2003, andits mission is navigion and/or positioning1]. Its constellationconsiss of three satellites
orbiting on inclined orbitalplanes witha gesynchronous period. The first QZS will be launched in the
summer of 2010. The QZSSilizesa highly inclined orbitto ensurehigh visibility over high-latitude
regiors. In the case of the QZSS, at least gatelliteis highly visible near the zenith atytime from
Japan Therefore userdn Japan camalways receiveavigationsignak from at leasione ofthe QZS near
the 2nith
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In general, global navigation satellite syst@dlSS5), such as the GPS tife US, GLONASS of Russja

and GALILEO of Europeare equipped with onboard atomfcequency standardbat are used as time
reference. This is because (1) atomitockshawe good longerm stability, (2) the orbit dhe satellites
makesmonitoring from one ground station impossible, (3) thesgellite systems are used for military
missions and aretherefore expected to operate even if ground stations are destroyed4arnbege
systemsconsist ofmany satellites, making the control of each satellite with many antennae difficult.
However, onboard atomic clockshave the following disadvantages: they drelky, expensive to
manufacture and launch, powdgegmandingand sensive to temperaturandmagnetic field. Moreover,
theyare one of the main contrilmrsto the reduction of satellite lifetime.

The following have been taken into consideratiorthe designof the QZSS as a civiliamavigation

system (1) some crystabscillators have better shdagrm stability than atomic clock®], (2) 24hour

control from one station is possible if the location of tbentrol station is appropriate, for example,
Okinawa, Japan, and (3) the number of satellites is assumed toyliereel Given these considerations,

the remote synchronization system for the onboard crystal oscillator (RESSOX), which does not require
onboard atomic clockshas beendeveloped. In the case of RESSOX, modification of the control
algorithm after launit is easy because it is basically a ground technologiie target synchronization
accuracy of RESSOX is set at 10 ns and the target stability 50*% at 100,000 s. These targatere
determined on the basis of the synchronization performance between GPS time and UTC [@)SNOD)

the longterm stability performance of onboard cesium atomic clptks

RESSOX ground experiments and computerusations have been conducted since 20@eliminary
experimental resultsbtainedusingnavigationsignak are detailedn our previous papefs-8]. We have
developed a feedback methibcit uses multipl@avigationsignals of the QZS, and found thatve do not
need precise orbit information or estimation of delaysh as those caused by the ionospheretlaad
troposphere, to realize RESSOX technology.

In actual QZSS operation, 3Binute communication interruption (Cl) above #hguatoroccurs twie a

day because of the need to aviiterferencewith other geostationary earth orbit (GEO) satellites. For
RESSOX, the control method of the crystal oscillator during Cl is an issue to be resolved, and is described
in detail in this paper.

In a practial sensetwo rubidium atomic standards will be loaded on the QZSEESSOX istestedin
experiments to examines use in future @SSs.

[I. RESSOX OVERVIEW AND CONTROL DURING CI

Figure 1 shows thechematicof RESSOX. In order to realize RESSOX, stindispensable to identify

the error factors and the feedback mechanism by measuring the delay at the ground station. The former is
related to the estimation of error and delay using modeldjs considered to be a feéatward loop

The RESSOX contiosignal includes time information of the ground atomic clock, and is advanced to
compensate thé&ransmissiondelay. Therefore, the RESSOX control signal is synchronized with the
ground atomic clock when it arrives at the QZS.

The latter is an error adjtment systenthatusespseudorangemeasured with th@®ZS signals (navigation
signak) of the QZSs and estimated pseudorasgandis considered to be a feedback control.

The error and delay models in the fdedvard loop are delayin the ground statio andin the satellite,
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troposphec delay, ionosphér delay, delay due to distance (orbit estimation), delay due to relativity
effects, and errors caused by Ea randhpfesessiomo tThesen , S U (
problemswerediscussedn our previous papgb]. However, if multiple navigation signals are used for

feedback, use of the delay models becoumerecessarjr, 8].
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Fig. L RESSOXschematic.
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When Cloccuss, theapplied voltage data immediately befdine Cl are used to control the onboard crystal
oscillator. Two strategies are prepared: simple averaging anorfilest extrapolation. The number of
voltage data used is changed from 50 to 100, 200, 300, 500, and 1000 (the voltages are appliedsgvery 1.5
and evaluated in this study, although the number in actual operation will be limited to 100 and 200.
Figure 2 shows thechemati®f the control method.

. COMPUTER SIMULATION OF RESSOX BEHAVIOR DURING CI

SIMULATION METHOD
Figure 3 shows the btk diagram of the computer simulation. First, the onboard crystal oscillator is
modelled The pure crystabscillator outputs 10.23 MHz when the control voltage is 5.4 V, tmed

frequency increases by 0.33 Hz when the control voltage increases .byTh¥ output frequency of the
crystal oscillator is formulated as follows:

f, =1.023x10" +0.33(V —5.4) [Hz]. (1)
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Fig. 2 Schematicof the control method.

The pure time standard model outputs the frequency as 1.023x 10" Hz.
The nth time dfference resulit, of pure Time Comparison Unit (TCU) is modelled as follows:

fs_ fc

[s]. (@)

At, = At,, +15x
S

This is because the time difference is measured every 1.5 s.

Stable 32 White PM : 2,50 10-10
Noise Rgndom Walk FM :3.00 1014
Flicker FM : 4.00 1013
Drift per 1.5s : 1.50 10-12
(1) Time comparison result without noise Switch of control modes
(2) Time comparison result with noise
. o PI controller for
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standard model during ClI DB
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Fig. 3 Block diagram of computer simulation.

The actual crystal oscillatothe time standard, and the TCU generate noise. To formulate the noise
model, the Allan deviation of the crystalcdkator used in the experimeig measured. The result is
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shown in Fig. 4 with a blue line. Using Stable 32 software that generaimssvaoises and simulates the
behavior of the crystal oscillator, the crystal oscillator is modelled as folRasdom Walk FMis 3.0
x10™, Flicker FMis 4.0x10™3, White PMis 4.0x10™3, and Drift per 1.5sis 1.5x10 and the result is
shown in Fg. 4 with a pink line. The TCU will have 0.16 ns white PM noise every 1.5\4ite PMis
2.5x10™). Finally, the total noise model including TCU is as follow&lk FM is 3.0x10*, Flicker FM

is 4.0<10™ White PMis 2.5x10"°, andDrift per 1.5sis 1.5x10". The result is shown in Fig. 4 with a
red line. Using these noise data, computer simulation is conducted.

In normal operation, modified Pl control is used for the crystal oscillator. The following formula
describing PI control is used.

k k k-1 ip
v, =offset- - > At —k, > [ At dt, €)
I +1,52 i=0

wherev is thek-th applied voltagepffset= 5.4 (V), k, is a proportional gain set at 7:010°, k; is an
integral gain set 8.0 x 1C°, | is the number of past data used for proportional control setkais Idata
number fom the beginningp is the integrainterval which means an overlapping integral number, set at
2, andAt is the time difference measured by TCWDuring PI control, applied voltage data outputtbhg

PI1 controller are accumulated and a database namiéah€dB is constructed.

1E-09 : : '
—e— m easured Akn devabn o
A —=—m odebd Ahn devabn Il
1E-10 , £
—— m odebd AbndevabnwhTCU i}
c
=)
o 1E-11
@) > e
<
< N
1E-12 E;#”r
=C Wipps
1E-13
1E+00 1E+01 1E+02 1E+03 1E+04 1E+05

TmeE)
Fig. 4 Allan deviations of actual crystal oscillatamodelled crystal oscillator, and
modelled TCU output.
SIMULATION RESULTS
In the computer simulation, &@inute Pl control is first conducted, and tiidollowed by 35minute ClI

control. As a result, one simulation is completed in 85 minutes. The initial synchronization error is 1
pus. In the case of Cl, the applied voltages are determined as shown in Fig. 2 using Voltage DB. The
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simulation is conducted twelve times for each case. Figure 5 shows the simulationotesirisd by
averagingb0, 100, 200, 300, 500, and 1000 applettagedaia, and Fig. 6 shows the simulation results
obtained byfirst-order extrapolation of 50, 100, 200, 300, 500, and 1000 applied voltage data. In the
figures, CI control begins from the elapsed time of 3000 s. Pink lines show the simulatichaktwdt
maximum synchronization errors and blue lines show those of the minimum synchronization errors.

In the case of averaging of the applied voltage data, no exgiffeitenceis observed among the results.

In the case of firsbrder extrapolatiof the applied voltage data, tterger the number of applied voltage
data is the smaller the synchronization errors are.
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Fig. 5 Simulation resultobtained by averagin§0, 100, 200, 300, 500, and 1000
applied voltage data.

As the behavior ofthe crystal oscillator is statistical, the discussion of the maximum or minimum
synchronization error is insufficient. Therefore, statistical evaluation is conducted. Standard deviations
of the maximum synchronization errors areleated and the results are shown in Fig. 7. The worst
result is the case of the firstder extrapolation of 50 applied voltage dathere the standard deviation is

54.7 ns, and the best result is the case of averaging 100 or 200 applied voltaghetatahe standard
deviation is 3.29 ns. The best result in the firster extrapolation cases is the case that uses 1000
applied voltage datavhere the standard deviation is 5.37 ns. However, this result is worse than the case
of averaging 1000 applietbltage datawhere the standard deviation is 4.43 ns.
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