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Abstract— Atomic Clock Ensemble in Space (ACES) is an ESAission that will operate a new generation of atomiclocks in
micro-gravity environment of the International Space Station (ISS). Two high performance atomic clockin ACES: the
Space Hydrogen Maser (SHM) and PHARAO, a clock baskeon laser cooled cesium atoms, are compared on-bidathe 1SS
and locked together by two separate servo-loops: stt and long term servo loop. This paper presents aimulation model for
the complete system that evaluates the performancef the ACES clock signal at its output using frequecy domain
techniques. The results of ACES servo loop simulatis for both PHARAO ground and space models are peented. Result
for PHARAO ground model is compared to ACES systentevel test that has been performed in Toulouse, 200

1 INTRODUCTION

Atomic Clocks Ensemble in Space (ACES) is an ESAd&imental physics mission based on the operati@atoofic

clocks with high stability and accuracy in the romgravity environment of the International Spacei&ta(lSS). ACES
will explore and demonstrate high performance atoctocks in space environment and distribute alestabd accurate
frequency reference that will be used for spacgrtamnd and ground-to-ground clock comparisons. & leesnparisons
will allow accurate tests of Einstein’s theory @ngral relativity.

Major elements of ACES are two high-performancerataclocks: the Space Hydrogen Maser (SHM) and PAGRa
clock which is based on laser cooling cesium (G8jna. The two clocks are compared on-board theai@5locked
together by two separate servo-loops that havefdwdbfunction: to avoid low frequency beatings amptimize the
frequency stability and accuracy of the ACES clsiginal. Short Term Servo Loop (STSL) is a phas&dddoop (PLL)
of time constant 1s to 10s, stabilizing local datir of PHARAO (SH — Source Hyperfréquence) on Skilyhal. Long
Term Servo Loop (LTSL) is a frequency-locked loéjil() of time constant of ~3000sec (~1day when thetesn is
operated on ground), stabilizing SHM on the erigna generated by PHARAO on cesium atoms. STSlviges
ACES clock signal with short- and midterm frequestability of SHM, while LTSL provides ACES clockgsal with
the long-term stability and accuracy of PHARAO.

2 SIMULATION MODEL

The simulation model includes complete ACES seoaplsystem and evaluates the performance of theSAG&ck
signal at its output using frequency domain techesqwith the assumption that all the noise sousoesincorrelated. In
comparison to time domain approaches, frequencyadotechniques take less computational resourcesltulate
Allan Deviation at long integration times to thesiled confidence level. All the noise sources camdiiably and easily
simulated using the appropriate Power-Law. Fonedi system, the output power spectral density {R8D be obtained
from the transfer functions of each element andnfthe power spectral densities of the various ieddpnt noise
sources. The resulting power spectral densitynallff used to compute the Allan deviation at thetewy output. The
contribution of each servo-loop to the Allan delgatat the system output due to independent naisecss is evaluated
and used for design trade-off and troubleshootitylowing block diagram shows the entire ACES sdpap system
with noise sources. This model has been used taaienthe result of the measurements performechgine ACES EM
test campaign.
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Fig. 1: Simulation model for complete ACES servo-lap system with noise sources, where blue arrows sho
STSL and black arrows show LTSL

The system provides an output frequency from PHARZ®resonator at 100MHz. Both SHM and SH also gaeer
100MHz signals. During STSL (showing in blue arrpwshase comparison between 100MHz signals from g

integrator converts SHM 100MHz signal into phas®) &H is performed in the phase detector (PD). asethe phase
error computed by PD, STSL adjust the phase ofrsddich a way that it is phase-locked to referertti Signal.

During LTSL, phase corrected SH 100MHz signal Wwél converted from phase to frequency using a difitéator and
after that both reference CS and SH 100MHz sigarasip-converted to 9.2 GHz. They will be companea frequency
comparator (FC) and the frequency comparison wallide corrected by a double integral low pasefildenoted as PI
filter with sampling time of 10sec. In the simutatimodel, to avoid aliasing effect due to down-siamgpfrom 0.25sec
to 10sec and up-sampling from 10sec to 0.25sen agaecimator and an expander (bdtloter digital low pass filters
with sampling time 0.25sec), respectively before after Pf filter, are inserted. Finally the frequency cofiet value is
down-converted by a factor of 92 and is given gmiirto the SHM 100MHz signal to adjust the frequent SHM
100MHz signal and therefore SHM is frequency-loct@®S resonator.

3 NOISE MODEL

3.1 PHARAO-CS Resonator Noise Model

The noise in PHARAO CS resonator is identifiedreswhite frequency noise. The relative frequendgen®SD of the
CS resonator for groundg&(f) and space model&(f) therefore can be written respectively as fobow

Ses(f)= (Z'iez‘ 9] 1)
Ses(f)= (4'262' gj @

3.2 SHM Noise Model

The noise contributions of SHM are white phase,taviifequency and flicker frequency noise. If theésee are
independent to each other, the relative frequenigerPSD for SHM, $u(f) can be written as:
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3.3 PHARAO-SH Noise Model

Noise contributions of PHARAO-SH are random wallcker frequency and white phase noise. When thisesoare
uncorrelated to each other, the relative frequerise PSD for SH, $p(f) can be written as:

458 -14 234e-11) ([ 21e-10xf2
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3.4 Phase Detector Noise Model

The noise in Phase Detector (PD) is defined asviiiee phase noise. The relative frequency noise 8Sbe PD, $o(f)
can be written as follows:

Sro ()= (1-26‘10" f 2] (5)

f,’
4 SYSTEM TRANSFER FUNCTIONS

From the system model shown in Fig.1, equivalamtgfer function equations can be built using Zdfamm and Fourier
frequency domains. Simulation sampling time,i§ 0.25 sec. Conversion between Z transform andi€&ofrequency
domain is done using the equation:

z=el?"s (6)

The transfer functions relating LTSL output fregoeFour) to input noise sources of CS, SHM, PD and SHlareted
in Fourier frequency domain respectively as(f), Hsum(f), Heo(f) and Hs(f) and they are as follows:

Hes(f)= FourlD (7)
CS(f)
H (f): FOUT(f) (8)
s SHM (f)
H (f): FOUT(f) (9)
P PD(f)
Hay ()= rourth) (10)

SH(f)



4.1  Proportional-Integral-Differentiation Controller Tr ansfer Function

In STSL, the phase difference value is fed to thepgrtional-integral-differentiation (PID) contretl, which finally
provides the feedback phase difference value toRABD MWS. As mentioned earlier, STSL is a PLL. Adliog to the
simulation model presented here, we have no eittes inside the PLL, but the PID controller insi@F SL is acting
itself as a low pass filter.

In z-domain, transfer function of the PID controleith proportional gain K, integral gain Kand differentiation gain
Kp, iIn STSL can be written as follows:

Hop(2) =K +(1KZ )+K pA-27) (11)

4.2  Proportional-Double Integral Filter Transfer Functi on

LTSL PP controller has the transfer function in z domairficiisws:
+ Ke + Ke
a-z*" @-z1hH?

Hep (2) =K, (12)

5 POWER SPECTRAL DENSITY OF THE SYSTEM OUTPUT FREQUENCY

Using equations 1, 2, 3 and 4 we compute the pewectral density of the system output individuddly noisy CS
ground (Scsoun and space model {&oun, SHM (Sshmour), PD (Spour) and SH (Sour) as:

Syesour (1) = [Hes (1) x Seq (1) (13)
Seeour ()= [Hes (1) % Sies () (14)
Semour ()= [Hg (F)]” X Sqy () (15)
Spoour ()= [Hep ()] x Sy (1) (16)
Saiour ()= [Hgy (F))” x Sgy (1) (17)

6 COMPUTATION OF ALLAN DEVIATION AT THE SYSTEM OUTPUT FREQUENCY

Behavior of time or frequency system is normallarettterized by the Allan Deviation (ADEV) or squaoet of the
Allan Variance (AVAR, denoted as/Z(T), wheret is the frequency sample time). The relationshipvben AVAR and
the relative frequency noise PSL)(ffor high frequency cut-off of the systerp,ctin be written according to [1]:

sin*(rr f r)d

(mf1)

To calculate AVAR and therefore ADEV using aboveaipn, we choose Simpson’s Numerical Integratiethod due
to complexity in carrying out integration analytigaWe simulated a maximumof 40000 sec using 1E6 divisions in
between low (OHz) and high cut-off (1Hz) frequescidf AVAR contributions of noisy CS, SHM, PD andi &t the
system output are respectivelyesour(t), Osumour (1), Oppour(T) and osuour(t), then, ACES system total AVAR
(o707(1),) is simply the summation of the AVAR of all inétiwal noise sources at the system output and cavritien
as:

(18)

o2(1) = 2]3(f)



UTZOT (r) = U(Z:SOUT () + aéHMOUT(T) + JgDOUT () + aéHOUT (7) (19)

7 RESULTS

Fig.2 shows system ADEV for both space and grouHARAO-CS. It can be seen that till approximately0Q8ec
system response following SHM while after 4000$ecgystem ADEV following PHARAO-CS. From the ocante of
the bump at integration time approximately 4000sge, can assume that the control loop has the tiovestant
approximately 1 Hour with the choice of loop paréenge mentioned on the top of the figure.

ADEYV of free running atomic clocks and system response at simulated model output for
STSL para: KP=36843, KI=528, KD=0, LTSL para: KA=9E-4, KB=9.5E-5, Kc=°
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Fig. 2: ADEV of free running ACES atomic clocks andsystem response at simulated model output

Fig.3 shows the comparison between measured andased ADEVs for frequency deviation.f (at 9.2GHz) and
frequency correction ., (at 100MHz). For integration times longer than tinge constant of the LTSL, (approximately
tau = 1000 sec), the ADEV of the frequency deviatias 1/Tau slope. For shorter integration tintes ADEV provides

a measurement of PHARAO stability with respect itV
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Fig. 3: ADEV comparison between measured and simuled frequency deviation and frequency correction

8 DISCusSION

It is demonstrated that the simulated ADEVs aragreement with the measured ADEVS, which provesriidity of
the simulation model.
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