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ABSTRACT

Atomic Clock Ensemble in Space (ACES) is a Europgpace Agency (ESA) project to be deployed extbriialthe
Columbus Laboratory on the International Spacei@®tadlSS). Two high performance atomic clocks omuttbACES
generate a frequency reference with stability aceliacy at the 1xI8 level. The performance of the ACES clock
signal results from the combination of the goodrsterm stability of an active hydrogen maser (SHig the long-
term stability and accuracy of a primary standaadeldl on samples of laser cooled Cs atoms (PHARARY.two
clocks are controlled by two servo loops, the fatsthilizing the PHARAO local oscillator on SHM closignal, the
second correcting the long-term instabilities ofMbidsing the error signal generated by the PHARAOr&onator.
This frequency reference, distributed to the grobmd link in the microwave domain is used to parf@omparisons
of distant clocks and to test Einstein’s theorygeheral relativity. ACES main instrument and submys have now
reached a high technology readiness level, denaiedtby the completion and the successful testaf engineering
models. In particular, a dedicated test campaign reaently verified the performance of the ACEStays where
PHARAO and SHM, locked together via the ACES sdnaps, are operated as a unique oscillator to gémehe
ACES frequency reference. The test campaign coaduat CNES premises in Toulouse between July ancidber
2009 has concluded the engineering models phdeasiieg the manufacturing of the ACES flight mod@&lse setup of
the ACES system test campaign, the specific tesfempned, and the achieved results will be preskatel discussed.

INTRODUCTION

ACES payload is composed of different instrumemis subsystems developed by ASTRIUM (D) under ESwtreat.
The two on-board clocks instruments are: the cédona clockPHARAO, funded and developed by CNES, which
provides a stable and accurate frequency basedamsi@n atoms [1]. Thanks to its accuracy in th&®l@vel,
PHARAO will measure the gravitational red-shift tymparison with accurate clocks on ground with acestainty of
2,5 ppm using the ACES MicroWave Link (MWL) [2]. &IBpace H-Mase8HM is developed by Spectratime under
the responsibility of Astrium. SHM is the ACES flyheel oscillator, important for the in flight chaterization of the
PHARAO accuracy. In addition, its medium-term slighiis important to perform special relativity tesand to
compare ground clocks in non-common view.



The two clocks operate together in the ACES sydtemchieve its final performance. PHARAO USO (UlStable
Oscillator) is phase locked onto SHM by the shert servo loop (STSL), with a time constant of & f&conds. The
ACES STSL is operated by the Frequency ComparisanCastribution Packagd=CDP). At the same time the Long
Term Servo Loop (LTSL) steers SHM frequency usimg érror signal generated by Cesium atoms in th&R%O
resonator with a time constant that is a few thondsaseconds in the ACES in-flight conditions. Oauyd, due to the
reduced performance of PHARAO, typical time constenaround one day. LTSL is managed by the ACES
Application Software resident in the ACES compi}&PLC).

The high level description of the loops is desatibeFig. 1.
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Fig. 1. Simple sketch of ACES EM instruments usedlie tests to show the functioning of the lodpse
STSL is drawn in red. The LTSL is drawn in blue

The payload is completed by the following elemeiitsee Power Distribution UnitRDU) which is in charge to deliver
power to all the subunits, théPLC who manages all the internal and external comnatioic, the Microwave link
(MWL), the European Laser Timingl(T) optical link and aGNSS subsystem providing orbit determination of the
ACES clocks.
Before completion of the ACES EM phase, a test @agmpat system level has been conducted to vemirfiaces,
functions, and performances of the ACES EM workibeassembling together: PHARAO EM, SHM ground model
(EMO0), FCDP EM, and the XPLC test-crate where tieES ASW (Application Software) V1 was running tmtol
the complete system. The ACES EM workbench was pedviey a test equipment simulating the ACES PDU.
The campaign was an important test step wherahéfirst time the engineering models of the ACE&ruments and
subsystems came together for interface, functiandlperformance verification. Tests were performeder the ACES
nominal operating conditions with both the STSL ai@L closed.
The objectives of ACES System tests can be sumethés follows:
» Assemble for the first time the sub-systems of AQESrder to:
o Validate the ASW interfaces and protocols to theusits
o Verify the functionality at system level
o Verify the performances at system level
» Prepare and validate a procedure for the FM tests
» Validate the Loop Optimization Tool software [5]



SET-UP OF THE ACES TESTS

The ACES payload involves high performance microavalocks, consequently, it is not easy to find ey
references good enough to validate its performanwes on ground where the PHARAO performance agzadied
with respect to its nominal operation in space.pBoform such validation the rationale is to useeb.f reference
clocks to characterize the stability of the ACEG&cklsignal for different integration times:

- For short integration times the Cryogenic Sapp@iseillator (CSO) from the University of Western Anadia
(UWA) whose Allan Deviation is better than SHM-EM@til 100 seconds was used. The use of CSO is then
well suited to characterize the STSL. Moreover, @80 has very low phase noise and therefore ibeamsed
as reference to measure the phase noise of ACEShA<SO output signal is at 12 GHz a dedicated
microwave support has been used to down conveerigiénerate 100 MHz and 9 GHz reference signals.

- For long integration times, the mobile fountain (\FOfrom SYRTE was used to validate long term sigpil
and accuracy of ACES. FOM is then well suited tarelterize the LTSL.

- During the test campaign it turned out, that duth&oexcellent performance of the SHM EMO at mediam
no better reference was available at CNES Touldliserefore the medium term behaviour of ACES cawt
be fully characterized.

Using the test outputs on the ACES subsystems stpessible to measure directly the ACES signalsmguhem to
dedicated measuring equipments. This allowed talag the information included in the ACES Telemedgainst
direct measurements that will not be availablelighf. Different direct measurements have beengoeréd: stability
measurements, phase noise measurements and [@raserttr measurements.

The measurement of the signal stability, exprefgedn Allan Deviation (ADEV) plot, is provided bydedicated RF
EGSE (PCO part). The PCO is a phase comparatothvd@in measure the phase of 5 inputs by comparigibnomwe
reference. The frequency reference used for the REOCSO locked on SHM EMO with a time constaratwdut 100
seconds. The post processing of the phase compat#a gives us the stability of SHM and PHARACQdapassing
through the FCDP) with respect to this reference.

Two different systems have been used to perforns@haise measurements. The first one was thedashtavailable
in CNES and extensively used during the unit légst of PHARAO, the second one was the phase rimetiided in
the Astrium RF EGSE used to characterize FCDP Ellspmoise during the unit level tests. This measent is
important because the final stability of PHARAOdaso of ACES, depends on the phase noise of thel®dming
from the Microwave Source (SH) of PHARAO [3] or inoSHM via the spare output (this signal is usethebackup
mode in case of failure of the PHARAO USO).

The functioning of PHARAO is cyclic: with a typicpkriod of about 1 s, atoms are laser-cooled, laehcprobed on
the Cs clock transition in the Ramsey cavity, andlfy detected. If the phase of the USO is peddrbynchronously to
the PHARAO cycle, this perturbation will systematlg affect the atoms interrogation in the Ramsayity, and the
accuracy of PHARAO can be degraded. For this p@ppbase transient measurements are used to detect
disturbance synchronous to the PHARAO cycle, aftexgration of the different subsystem togethehviAHARAO in
the ACES EM workbench.

During ground tests ACES is commanded by a PaCE&sy(Payload Control Test System). The PaCTS has b
designed to test the payloads to be operated omtimational Space Station and it has been exgaised in many
other missions before. It has a standard intenfattethe database (TC and TM) defined by the spegiSW, therefore
the ACES database could be tested during the EMoadion.

To have a consistent archiving system of all dataing from different EGSEs and ACES a dedicatethimecsystem
has been implemented as part of the ACES EGSE.

PERFORMANCES OF THE ACES CLOCKS
Stability

Due to gravity effects the PHARAO stability diffess ground and in flight: in flight the stabilityiflvbe better as the
free-fall conditions allow to launch the atoms witry low velocity whereas on ground the gravityposes to launch



the atoms with a minimum velocity limiting the indetion time in the Ramsey cavity. Consequently stability of
PHARAO-EM on ground is only 3,4.281? while full performance of 9.18.1™? would be reached in space.

SHM-EMO has been characterized in CNES beforeistatihe ACES EM tests using the CSO, FOM, and avdadser.
The stability of SHM-EMO at one second is arourtdd? with a very low drift of 6.18° per day.
The ADEV of PHARAO and SHM are given in Fig. 2.

The ADEV plot of the two clocks permits to see tiessing between the stability of the USO and SHWhg the time
constant that is needed to optimize the Short Teemo Loop in order to have the best performance.

Similarly, the crossing between the stability oftdnd PHARAO can be seen. It gives the time conistaeded to
optimize the Long Term Servo Loop, steering the SEMO frequency on the stable and accurate signBHARAO.
These measurements are then used as reference faptihe Loop Optimization Tool. This is a dedethiMATLAB
code, developed by Timetech and Astrium, to reptedACES clocks™ behaviour. Choosing different Iddger
parameters for the two ACES loops it is possiblsitoulate the performance of the final ACES sigiidle objective is
to have a very reliable simulation tool in orderatimize parameters, and load them on ACES by ra@er than
perform such procedure on the real clocks duriegnission.
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Fig. 2. ADEV of PHARAO-EM in Autonomous mode and IMHEMO, superimposed on the
ADEYV of the CSO and FOM. The doted lines are duthé fact that we had no better clock
available to test this part of stability

Accuracy

The measurement of the accuracy of PHARAO is desdrin [4]. Its accuracy is a few 40 The LTSL should transfer
the frequency of PHARAO to SHM. To verify this pbithe error signal of “Detsynch” (see Fig. 1) skloaverage to
zero. Secondly FOM can be used to verify that thguency of ACES is the same than PHARAO.

Phase noise and Phase transient

The phase noise of PHARAO and SHM and the phassitnat of PHARAO are given in Fig. 3. In the phasmsient
measurement a synchronous phase perturbation ar60fOchs is present in the reference measuremens Thi
perturbation is a well known feature, which is do&a PHARAO microcommand which occurs before thoemeat cross
the Ramsey cavity.
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Fig. 3. Phase noise of the 100 MHz and 9 GHz dedivdy the Microwave Source of
PHARAO EM and by SHM (left). Phase transient measwnt of PHARAO at 9 GHz
for two runs of measurement (right, in red and kjac

AUTOCOMPATIBILITY TESTS

The objectives are to verify the compatibility betm all the subsystems involved in the tests whidy are working
together. ACES TM managed by the ASW and RF meamnts performed with test equipments are comparédd w
the one collected during the unit level tests ®i$@any disturbance due to a crosstalk betweelndteuments appears.
During the tests, different instruments modes oARAO and FCDP are exercised. As an example, weipléig. 4
some measurements done during the tests.
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Fig. 4. Example of measurements performed duriegitlitocompatibility tests when PHARAO is
in Configuration mode and in Autonomous mode. Imf@uration mode, the PHARAO local
oscillator is free running; in Autonomous mode eave loop steers the PHARAO local oscillator
using the error signal generated by Cesium atom#heénPHARAO clock. The known phase
transient caused by the PHARAO microcommand ararlglevisible in the phase transient
diagrams.

No perturbation has been found in the measuremdttigespect to unit level tests in the exercispdrational modes
and no TM parameter collected by the ASW showedreaxpected behaviour. The test was successfullylsied.

SHORT TERM SERVO LOOP TESTS

The first step was to verify that the STSL can lesed correctly. The frequency delivered by therslicave Source of
PHARAO is compared to the one from SHM EMO in ti&DP: when the measured frequency difference is idiasn
a specific threshold (0.1 Hz) FCDP goes automdyidal phase comparison mode and closes the phageddoop.
Phase comparison measurements are collected thtbeghCDP scientific telemetry (refer to Fig. 5Sahrough the
FCDP telemetry, it is possible to directly checlthibie loop is behaving looking at the frequencyrecition when the
loop has been commanded to be closed. (refer toSBjg The frequency correction (FCW) is routecedily to the
PHARAO USO via the serial line protocol that maragee communication between the subsystems (redvanr Fig.
1).
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Fig. 5. Fig. 5a shows the Phase Deviation Valu&/(Rromputed by FCDP with the STSL
closed and stable. The average of the signal isnaraero with a noise better than'£0
Fig. 5b shows the frequency correction (FCW) coraguty FCDP during the closure of
the loop

The second step was to optimize the loop by usifigrent parameters for the loop filter and valilat the same time
the Servo Loops Optimization Tool. The optimizatigmocess consists in minimizing the Allan Deviatwinthe USO
and at the same time verifying that the phase risinet degraded by the loop.



First results were compared to the simulation maahel a difference was found. After offline datalgsia was found
that the cause was a wrong parameter in FCDPridated an additional delay in the loop. Once theech parameter
was uploaded in FCDP, the STSL could be optimizatitae loop reacted as predicted by the Simulddodel (Fig.
6).

This comparison demonstrates the sensitivity ofdineulation tool and proves its usefulness for kloptimization
during later testing and inflight operation.
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LONG TERM SERVO LOOP TESTS

The main objective of this test is to verify theadtionality of the LTSL and its performances afsgtimization of the
parameters of the loop with the simulation toole3é measurements will also allow to validate thaukition tool for
the LTSL. In addition, it shall also verify thatettaccuracy of PHARAO is correctly transferred te thCES clock
signal after closure of the ACES servo.

As shown in Fig. 7, the crossing between SHM EM@ BHARAO for LTSL occurs at around one day. Thigeti
constant is too long to test the functionality lné foop as it leads to several days of continuagsiiaition. Moreover,
as mentioned before, PHARAO will have better pemiances in flight than on ground for both accuracy stability.
SHM FM will also be less stable than SHM-EMO. Cangantly the crossing point between PHARAO and SHM i
flight stabilities will be at around 3000 s.

Therefore different sets of parameters for the LTi@&sfer function have been implemented, givirggdgpportunity to
test extensively the optimization tool against dath: a fast time constant, which correspondddoter measurements,
has been used to test the functionality (verifyt tvas possible to close the loop) and then a tiowst@nt of 16
seconds was chosen to test the LTSL for performaveduations, even if that meant to degrade SHM EMte
performance test on LTSL lasted six days of actjorsieaving the ACES system controlled by the ASW.
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First results were compared to the simulation toud a discrepancy was found. Indeed, the time aotsif the loop
was not the one predicted by the simulation (teves slower). A more careful analysis of the datanad that the this
discrepancy was indeed due to errors in the Simoul&tiodel.

Figure 8 shows long duration measurements with ARES servo loops closed. The plots show the vergdgo
agreement between simulated curves and actual nesasnts after corrections done in the SimulatioolTo

The last measurement consists on comparing ACEBS R@M. First of all, there is a good agreement leetwthe
frequency of PHARAO alone and the frequency of ACBE8condly FOM was also used to verify the stabibit
ACES: in Fig. 8 (on the right) the red curve is tt@mparison of ACES and FOM, and the orange cusvéhé
simulation of ACES. There is a good agreement betvtbe measurement and the simulation becausedheurve is
the quadratic sum of the stability of ACES andstability of FOM.
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CONCLUSION

The ACES System Tests have been successfully abetlurhe compatibility between subsystems at systeel has
been verified and the ASW interface to these subgsys has been validated. The ACES database (T &ichas
been checked against PaCTS which mimics the conuation between ISS and the payload. The correatatipa of
the STSL and of the LTSL has been extensively deated verified against ground requirements. Their@pation
Tool has been "optimized" using real measuremantstas now a reliable tool to simulate the ACHSc& behaviour.
During the five months of testing several hurdlad ko be taken and were removed, giving the oppitytto the team
familiarize with the complex setup of the ACES systtest and refine the test procedures that veith Bk used on the
ACES FM. ACES-EM was able to deliver a stable aocugate signal with the best performances out ofISEMO
and PHARAO-EM.
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