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Abstract

Galileo navigation program developmentis progresség under the responsiblity of the
European Space Agency (ESA).GIOVE-B, an experimental satellite, has already been
launched and isproviding the first results The development of foutn Orbit Validation (IOV)
satellites is in progress Atomic clocks representhe key technlogy for the success of any
satellite navigation systemission,and their development has been continuously supported by
ESA. PHM is a Passive Hydrogen Maseused asa master clockon Galileo navigation
satellites

In parallel with the in-orbit expermentation of GIOVEB satellite, a technologyprojecthas
been initiatedto develop and test othe ground four PHM QMs with the aim of highlighting
and overcomingpossiblePHM lifetime limitations, beforestarting the full production of the
navigation satdlite constellation Preliminary resultsof this groundlifetime testing are already
available, along with thecomplementarydata collected from the orhi This paper gives an
overview of PHM performance and telemetry data collected so. fafhe most re¢vant
telemetriesand their lifetime trendsare compared and discussedlong-term frequency stability
performance testhave achieved a clock stability dtday (including the drift) of10%°. The
consistency among all theelemetry measurements, theirgeng trends, and the excellent
frequency stability provide confidencn the capability of the instrument design of meeting
Galileo mission requirements

INTRODUCTION

GALILEO is a joint initiative of the European Commission and the European Space AgSwyfor a
stateof-the-art global navigation satellite system, providing a highly accurate, guaranteed global
positioning service under civilian contrdt will probably be intefoperable with GPS and GLONASS, the
two other Global Navigation Satellifystems (GNSS) available today.
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The fully deployed Galileo system consists of 30 satellites (27 operational and 3 active spares), stationed
on three circular Medium Earth Orbits (MEO) at an altitude g223 km with an inclination of 56° to the
equator.

Atomic clocks represent critical equipment for the satellite navigation sysfiéme. Rubidium Atomic
Frequency Standard (RAFS) and Passive Hydrogen Maser (PHM) are at present the baseline clock
technologies for the Galileo navigation payloaktcordingto this, every satellite wilcontaintwo RAFSs

and two PHMs. The adoption of &idual technologyfor the onboard clocks due tothe need t@nsure a
sufficient degree of reliability (technology diversiig)order to fulfil the Galileo lifetime requement (12

years).

The activities related to Galileo System Test Balih¢ GIOVE) experimental satelliteas well as the
implementation of the In Orbit ValidatiolOV) satellites are in progres$l]. The first experimental
satellite (GIOVEA) was launchedon 28 December 2005lts purposewnasto secure the Galileo frequency
filing, to test some of the critical technologissch as the atomic clock® experimentwith Galileo
signals and to charactere the MEO environment.. The second experimehtsatellite (GIOVEB),
developedy Astrium,was launchedn 27 April 2008, andts payload includsone PHMandtwo RAF S,
being thereforemore representativef the GALILEO future constellation The launch of four 10V
satelliteswill follow soon. Theywill carry on board the same atomic clocks of GIOGBRvith minimum
modifications.

DEVELOPMENT & QUALIFICATION ACTIVITIES OF PASSIVE
HYDROGEN MASERS

The first maser development activitgilored to navigation applicationsas kicked off in 19981t started

with the development of an active maser at Observatory of Neuchatel (Bdyever, at the Galileo
definition phase, it became clear that the accommodation of the active maser on the satellite was too
penalizing in terra of mass and volumeyhile the excellent frequency stability performances of the active
maser were nabecessary In 200Q the activitywas reorientated towards the development d®assive
Hydrogen MaserRHM), based orthe heritage dactive masers studies.

The developmentfahe EM was completed at the beginning of 2003, under the lead of ON with Selex
Galileo (SG) (former Galileo Avionica) subcontractor for the electronics package and SpectraTime (SpT)
(former Temex Neuchatel Time) supporting the activity in view of theréuPHM industrialiation. The
instrument has been continubusestdfor 2 years highlighting potential lifetime technological problems

and performance limitations.

The industrialization activityaimed at PHM design consolidation for future flightafification and
production was started in January 2003[he industrial consortium was led by Si@ charge of the
electronics packagelesign and responsible for the integration of the whole instrument, with SpT
responsible for the manufacturing of thleysics package. The overall structure of the instrument was
reviewedin orderto increase compactness and to ease the Assembly, Integaatibhest process on the
satellite by the inclusion of an external vacuum envelope. The techndlpgiesdk parts were fully
redesignedtoo. Main efforts in the industrialization frame were focused on the definition of repeatable
and reliable manufacturing processes and fixtures, particularly fphirsés packagd3]:

o Teflonization of the quartz storage Bulb
o Hydrogen beam assembly
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Getters assembly

Tuning of the microwave cavity
H2 purifier assembly

Magnetic shield assembly

State selector assembly
Hydrogen supply and dissociator

and for the electronic package and the winodrument:

Reduction of PHM volumand footprint
Improvement of TM/TC interface

Ground operability at ambient pressure
Redesign of hydrogen dissociator
Improvement of thermal and pressure controls
Redesign of PHM and Purifier supply

A technological model (Figre 1), a Structural Modeland an EQM were builto validate the design
changesand to qualify the upgraddeHM.

The EQM clock was manufactutand qualified in the frame @&10OVE-B, one PFM (Figre 1) passed the
proto-qualification testing and was delivered togetivith an FS (i.e. Flight Spare).Both PFM and FS
were delivered in mi@005. Figure 2 shows the improvement of the frequency stability performances
observed along th&€IOVE-B models aghe result of manufacturing procesaprovementand alignment
proceduregsonsolidaton. The FS is now operating onboard GIGBEor 1.5yeass[1,2].

In additionto these modeJgdhe manufactuing and on ground testing édur QMs representativef the
flight units, are currently in progres3hey will be used for detecting and assggpotentialPHM lifetime
limitations. These QMs should be operated continuousigerstable and well controlled thermahcuum
conditions, while their telemetries will be monitored, collected, and logged for later proceSgjnge 5
showsPHM QM Lifetime test bench

i

Figure 1 Technological modgon the left) and a picture of the PHM PFM (on the right)
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Figure 2 Allan deviation for theGIOVE-B models

PASSIVE HYDROGEN MASER ACTIVITIES FOR THE IN ORBIT
VALIDATION

The IOV (n Orbit Validation) contract was signed in 200Bne am of this programis the production and
delivery ofeightFlight Units to beplacedon the firstfour satellites of the Galileo Constellation.

This contract has represented a new development fgbatee PHM at subUnit level (i.e. Physis
Package and Electrosi®ackage) and Instrument levdDue to thedifferent environment and operating
constraints with respect t&IOVE-B, a strong effort has been devoted to further improve both
performancesnd manufacturing processe$the PHM in particularby:

Increasing the hydrogen storage capability

Increasing the storage temperature capability

Exterding the storage time without maintenance

Refining of the Physic Package manufacturing processes

Enhancing the starup logic in order to avoid any telecommand intervention
Enhancinghe PHM environmental sensitivity

Enhancinghe EMC robustness

Enhancinghe TT&C interface

Refining of the electrongcdesign in order to simplifyts AIT activities and improe its
reliability.

IOV EQM was successfully qualified against the new Galileo requirements in April 2008iaiidight
Units were manufacturedand testedby December 2008 This has demonstrad a production rate
capability near tenePHM per monthwith potential marginor improvement
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By almost the same timeadiation test®n electrical parts havghown the weaknes®of one component
requiring itsreplacenent on all the PHM FMs alreagiyoducel. The necessary activities for the selection,
the pocurement, the testand the substitution of a new componkateunfortunatelydelayedat the end
of 2009the delivery ofthesesix refurbished=Ms, as wellthe production of theemainingtwo.

Figure 3 Test facilities for the PHM alignment dresting.

Theexcellentperformance repeatability observed along the IOV production is illustratedureBig
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Figure 4 Allan deviation for the IOV models with frequency drift included
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LIFETIME EXTRAPOLATION FROM GROUND TESTING AND
GIOV E-B DATA

In the frame of t hethePHW,G et wme P B Msulfjddisdiocestteindern o f
vacuum in order tbighlightanypotential lifetime limitations.

The overall layout of the test bench is illustrated iruFed.

Figure5. PHM QM Lifetime test bench

A total periodaround18 months of continuougsing for each QM is requiredOneof themhasalready
been sujectedto a 15-monthtesting periogwhereaghe other ondas completed the planned 18 ritEn
In addition to frequency stability performances, more than 20 parameters are measured:

Atomic signal amplitude

Cavity varactor voltage

USO varactor voltage

Hydrogen supply pressure and temperature
Hydrogen dissociation oscillator voltage and current
Dissociator optical senseoltage

Purifier supply setting voltage

10-MHz output level

Cavity setting temperature

PHM current (main bus)

C-Field Current

lon pump voltage and current

Cavity temperature

Thermal plate temperature

Vacuum container tempature

Temperature sensor PP/EP interface
Temperature sensor Thermal Plate/PHM interface
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The availability of GIOVEB data, in terms of PHM and Payload telemetries, can further improve the
grade of confidencen the PHM lifetime for the following main reans:

e |t represents an additional statistical contributor
e |t has been workinfpr almost the same time period as for the QMs
e |t is experiencing the actual operating conditions in terngpaxe environment

The following subset of the above listed partersis available from the GIOVE telemetries:

Table 1. GIOVE-B available telemetry list.

PHM Telemetries Payload Telemetries
e Atomic signal amplitude e HM current (from main bus)
e Cavity varactor voltage o Temperature sensor Thermal telf®HM interface

e USO varactor voltage

e Hydrogen supply pressure and temperatt
¢ Dissogator optical sensor voltage

e Purifier supply setting voltage

¢ 10 MHz output level

o Cavity setting temperature

e PHM current

e C-Field Current

e lon pump voltage and current

e Cavity temperature

Most of them do not present measurable aging effe@song them, eithethe more relevartelemetries
or the onesffected by longerm operatiorare discussed in the paper

Some preliminary life test results have been alreadylighed[4]. The analysis summasd in the
following pages adds additional statistical element for the lifetime extrapolation.

THE MICROWAVE CAVITY AGING

The drifting of the microwave cavitgsonance frequencysed to amplify the atomic signé highlighted
by the varactor voltage variation over the tiniehis varactoras part ofAutomatic Cavity TunindACT)
servo loop maintairs the microwavecavity resonancé&equencytuned to the atomic line). For plotting
purposesthe varactor voltagdnas been converted to the eqglént cavity frequency shiftThis allows a
easy and reliable comparison betwddiM models The rms best fitting of the cavityfrequency shift
consists inan exponential function of time, which has been also demonsttatedy the PHM physics
package final test.

The following pictures show the cavitgsonancdrequency shiftobservedin the PHM operatedon

GIOVE-B satellite andhosemeasuredin the two PHM QM1 and QM&2uring the orground life tests
The curves revedhatin all cases tadrift decreasgwith time, reaching an asymptotic value.
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Figure6. Cavity frequency driftmeasured on GIOVAB (a) on QM1 (b) and QM2 (c)

A comparison between the trends and extrapolati@na Galileo lifetime (i.e. 12 years) is provided in the
following figure.
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The predicted valug arewithin the maximumadustable cavity frequency tuning rangegual to 150 kHz.
This considerable margimith respect to the measured and predictedtycdrift, can be achieved by the
combinationof the ACT and thdine adjustmenbf the cavity temperatxe (by tiny stegs of few mK each)
Suchanapproachasdemorstrated by testjoes notaffectthe PHM frequency stability.

THE HYDROGEN CONSUMPTION

Another keyaspectthat has been monitorad the hydrogenconsumption over the timePHM usesa
hydride to storen a tank of0.1 liters 25 bakliter of hydrogen with internal pressure below 5 baet
around 35°C temperatureDuring the instrumenbperation the hydrogen is consumed and the tank
temperatures automaticallyincreasedy a servo control loom order to maintain the internhiydrogen
pressureaat theconstantievel required for maser operatioitherefore the temperature variation avéne
time is a good indication d@he hydrogentank depletion

In the following figure the measured data are repotiagither withthe fittingequations It can be noticed
that thecontainer temperature increasing rate is higher ddniefirst few weeks aftethe switch-on. This
is due to the soligtate hydride transition phase.

A linear prediction has been used even if it represents a-eassthypothesis.

PHM on Giove-B
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Figure8. Hydrogentank temperature measured GIOVE-B (a) on QM1 (b) and QM2 (c)
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The trend extrapolation over 12 years is reported in the following figure.
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Considering that the maximum reachable hydrogen tank temperatimitésl to 50°C pecause ofhe
available heating poweri, is predi¢ed thatthe QM1 hydrogen pressurill go out of regulation after 5
years of operationHowever the followingaspectsre worthwhilestressing

1. Theimpossibilityto keepthe hydrogen tank pressure constant akiedifetime affectsthe PHM
frequency dft only, but notthefrequency stability performance.

2. This result is strongly affected by theloptedprediction modeli.e. linear). This is a worstase
approach that surelyorsersthe results of the predictiomith respect to thactual trend.

A recovery action has beeaarried oubn all PHM modeldrom QM2on. A new typeof hydrogen supply
hydride (higher purity LN achievinglower maximum pressure and more constaasgure plateahas
been used Thanks tathis, the endof-life temperatre of the hydrogen tankeeded tdkeepthe pressure at
the requirectonstant/alueis considerablyower thanin the QM1 This is clearlypredictedn Figure9 for
QM2.

The trend analysis faBlOVE-B PHM points out that its hydrogen supply will meet the misdii@time of
3 years with almost year of margin.

THE MASTER OSCILLATOR FREQUENCY CHANGE

The PHM 16MHz output signal is provided byaystalMaster Oscillato(MO) thatis frequencylocked
to thehydrogeratomic hyperfine transition

The varator voltagethat is used by a servo loopkeepthe MO frequencyocked tothat of the hydrogen
transitionis monitored bythe relevantPHM telemetry Therefore it is possible toassesghe crystal
frequencydrift and the servo looapability in maintaning the oscillator locked for the whole mission
lifetime.

As done for the microwave cavity frequency drift, also in this case the varactor vsltageerted tdhe
actual frequencghangeof the MO.
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In the followinggraphsthe ratio between the ragured frequencghangewith respect to the begiing of
life valueand the nominal output frequency (i.e. 10 Miidz3hown (Y axispvertime (X axis)
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Figure10. Master Oscillator frequenashangecomputed for GIOVEB (a), QM1 (b) and QM2 (c)

The prediction over 12 years is reported in the following figure.
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The polynomial fit adoptedfor the predictioncomes from the aging trermbserved orthe ground in
several crystabscillators It gives a very good interval aonfidence for both the tremgneasured on
GIOVE-B and QM2. The QM1 seems to have a more linear tremhich is interpreted as an already
stabilized agingeffect Lower drift observed on this model supports thierpretation

The worstcase analysi performed at instrument level considers an overall frequency drift of the master
oscillator equal te- 2.1x10". As shown inFigure11, this limit is respected with almost 100% of margin.
The followingconsiderationsre in order

1. A further MO drift conpensationin the order of2-3x10” can be achievethy telecommand
reducing to negligibl¢he riskof anunexpected MO frequenchangeout of its control loop.

2. The MO frequency drift measured on GIO¥EIs in line with the behavior observed dhe
ground. Thespace environment (i.e. radiation effects) seems to have no effect on the actual trend.

THE ATOMIC TELEMETRY

The atomic signal amplitudelemetry provide the most relevantndication of PHM healtty operation
The following picturesshowthe rekvant PHM telemetry measured on the®©®E-B PHM (in space)and
on QM1 and QM2(ontheground.
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This telemetryis sensitive tomany signs of degradéion like changes in thénternal coatingof the
hydrogen bulboutgasing of materials vacuumleakags, loss ofdissociation efficiencygecrease othe
microwave cavity quality factor, interrogation power instability, receiver electodegradation,

temperature instabilitygtc. It is, therefore of primary importance to verify théts decay over the life time
staysbelowacceptabldimits.

In all the three PHMso change in the atomic signal amplitutks been so far detected, confirming that

no sign of degradatioris observedafter almost on@ndahalf year of operation. The following
preliminary conclusions can be drawn

1. The atomic telemetry coming from GIOMEIs perfectly in line with the behavior observedtba
ground. This is particuldy importantbecause it implies negligible effects duespaceradiation

on both the RF electronics and Physic Package materials.

A stable atomic telemetry impliggoper maseroperation, a necessary condition for gddM

frequency stability This hasbeen validated by th&llan deviation of thdrequency measurements
carriedoutontheground and otthe GIOVE-B satellite[1].

The following pictureshowsthe frequency stability measurement performed on the Hl over the

last3 months. Both the frguency drift and the Alladeviationarevery repeatable since the beginning of
the life testtampaigr4].
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The following table summazesthe typical performances achievedgring thePHM ground tests.
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