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Abstract

The operational implementation of theensemble Kalman filter Composite Clock (CC
developedy K. R. Brown), isthe subject of this paper. Although the mathematical background
of the CC is welknown, its autonomous and robust operation in a clock laboratory requires
further modifications of he CC. The suitable initialization of the first ensemble estimate is
discussed. Due to the fact, that only difference measurements are available, there is a
dimensional degree of freedom in the first as in the following ensemble estimates.
Furthermore, to guarantee a robust, consistent, and autonomous estimation of the ensemble
clocks, a consistency check is describedt outputs a secalled consistency matrix which
describes the active and neactive clocks. Since theidentified active clocks can chage from
measurement to measurement, the corresponding Kalman filkdf) parametersare adaptedn
a consistent way.Finally, the non-active clocks are estimated based on tié output. The
performance of the OCC using an ensemble of five DLR laboratolycks, measured over a
period of 1 year, is outlined. The clock ensemble consists of three higkerformancecesium
clocks (HP5071A), an active Hnaser (CH175), and a GPSdisciplined Rb clock. Although
miscellaneous anomalies like phase steps, outliemsd clock exclusions arise, the OCC
autonomously processes the five ensemble clocks and establishes a robust systertatysis
results of this ensemble with different types of clocks when applying the OCC are presented.

SYSTEM TIME CONCEPTS FOR GNSS

Besides orbits and other system paramete@obal Navigation Satellite System (GNS$nerates and
provides satellite clock offsets to the userBhe clock or time offsets amith respectto (w.r.t.) the
GNSS system timgST). It is an integrh part of the GNSS and is a key element othe GNSS
performance

Therecan beextractedhree requirementsn the system time
1. Stability of ST: no impact on satellite clocks for alyalue
2. Robustnessf ST: stability is guaranteed at any time t

3. Metrology of ST: representation of UT@nd longterm performance

Regarding the&ST implementatiorwhich shall provide thésted requirementsthere can be distinguished
two concepts.
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The firstST concept isbased ora master clock The system time is estabiisd by a highly stable atomic

clock, e.g. an activeydrogen maserlts shortterm stability of about 210*@1 s generally fulfills the

first requirement.However,to meet the second requiremgitr o b u8t nkesmast er concept
with masterclock failures like outage, time or frequency stepouliers. A steereackyp master clock

can be installedo solve these issuesin case ofa detectednaster clock failurethe system time is

established by the backup clockhe challenge is torpvide such additional hardware and technology to

steer the backup clockSimilarly, the third requirement ilfilled by steering the master clock w.r.t

UTC.

The secondT concept ishased orensemble timeThe system time hagot no physical represntation
and is comuted by a timescale algorithffi]), which computes the time offsets of the ensemble clocks
to the system time.The system time idasically understandable as a weighted average out of the
ensemble clocksThe stabilitycan be assumed bebetter than the besnsembleclock. Regarding the
second requiremenii r 0 b u,8 thensgstem tim accepts loss of single clogkshich provides high

reliability. Similar to the master concept, in order to meet the metrology requirethenénemble
clocks aresteered to UTC.

ENSEMBLE TIME: COMPOSITE CLOCK (CC)

The paper focuses dhe timescale algorithroomposite clocK[2-4]). It is a Kalman filter (KF)which
models each ensemble clock by three st@ependiceA and B)

The Kalman filter is a recursivenethodwhich estimates thensemblet time point tusing the previous
ensemblestimate and the measuremeftime point fwith7 :=t, 1, ;.

Assumingthe ensembleonsists out of N clocks, the ingudf the kth Kalman filter iteratiorare

1 Z(t)I R measurement w.rineasuremerneference clockMRC)

T Yt_,)i R previousensemblestimate
1 C(t_ )i RV previous K- covariance
-1

Every KF-iteration can be separatedtanthree steps The first step is the prediction of the
ensemblef (t,) = FX@E_,). Next the measurement residwar.t. MRCis calculated:

Z(t)=2(t) -H K.

with H =H,,x.P (AppendixB). From KFtheory it is knownthat Z(tk) is a White andGaussian
process with zero medfil4]). The conditional mean of thensembles calculatedy

ki) = AXEL) K(L)Z(L)
The corresponding Kalman gain is

K)=C (tk-l)HT(HC (42 H' R *
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with C (t.,) = FC(t.,) F Q).

Notice, the notation )E(tk) :(X’E—'(tk),..., X#NEI;( ) is used. ¥ (t)I Rlis theestimate of clock #i.

Besides thensembl@stimate)g(tk) the iteration outputs the KF covariance

C(tk) =C (tkl) 'K(tk) HC (tk -1) :

In detail, K. R. Browndevelopedseveralfundamentalproperties of the composite clogkd]). A
fundamentalresult is to understand trensembleestimate w.r.t. to an implicitigefined system time

X1l R

¥t = X(t) -AXST(L) M) )

with H:=(l,--1,)" IR*™. N (t)I R" is called representation errofto the implicit system
time). The covariance of the representation ey, (t,) = Cou N, (1)) is

Cop(t) =C(t) -F(ATCH(t) F) A"

([4]). A proof givenby Brownshows thathe KF estimate%(tk) areunaffectecusing eitherC_ (t,) or

C(t,) (transparent variation)The advantage o€, (t,) compared toC(t ) is that itsmatrix entries

convergewhich corresponds to thimplicit steadystateof the KFcomposite clock However, theegular
KF covarianceC(t, ) doesnot convere.

OPERATIONAL COMPOSITE CLOCK (OCC)

Although the Kalman filter composite clock is mathematically specified, its application in-a real
world systemresults in several additional challengesthe CC The stability of atomic clocks
which is modeled by the-galues(AppendixA), is not guaanteed for any time pointClocks

can becorrupted by different types of anomalies: tifrequency or drift steps. Furthermore,

the measurementsanbe disturbed by outliers.None of these anomalies eccuratelymodeled

by the CGitself, thus corruping theensemble estimate

The operational composite clock (OCiS)the extended version of the CC, which deals with
operational issuesf its realworld application.

OCC MODULE: INITIALIZATION

At the moment of the first available measureméit), no previousensembleestimate)E(to)
and covarianceé(t,) is available.
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OPTION I: NO STATISTIC AL |INFORMATION

KF theory([5-7]) recommensd setting
(1) = E(X(1)) and C(t;) = Cow X(1)).

It is a fundamental property of clock processes that the mean and covaria¥¢g pfis unknown for

any time point An option isto assume no statistical information abo((t,) and set)E(tO) =0 and
to scalethe corresponding clock covarianeéth a factorl :==(, 1, 1.):

3 1 1 1 1 1
t+lg.=- t 49— Stlg.=- 2 Hg= * lg= 2
%ql A P A Ttlas " bt 1
1 1
0=Z : LG, (45 1y
§ * * |3q;;t
¢

Pluggingthe ¢ (¢) of the clockstogether, theaccording ensemble prosesovariance isQ (#) and
C(t,) =Q(¢). The initializaton depends on the choioél and is called option I.

OPTION Il: PUT FIRST MEASUREMENT RESIDUAL TO ZERO

Usingthe properties of the measurement resiguat. MRC

Z(t)=2(t) -H K

a further initialization methodcan be deved. In an optimal designed KFhé measurementesidual
process shall be zero me@b4]); thus, a reasonable choice isptat )E(to) = mwith

0=7Z() -H F. ®)
The equatiorf2) is affine linear and the rank dfiF is
rank(HF) =N 1
(without proof). The dimensional freedom of the solution is
dim(kerHF )) =N fank(H F 2N 1
An ad-hocsolutionof equation @) is toputclock #iwith i , MRC
Fi(ty=n:42(t) & 0 0) and " (t):= " fa 0 0)
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with steerparameterfiad Sincethe freqiencyand drift states are set to zero and the measurement
residual is zerahereholds

)= X&) KLY =X@F X
for any starting covarianc€(t,) .

It remains a suitable choice €3(t,). Here, the authors are not surEhe appliedoption is tocalculate
offline the steadystate covariance

Cep(t) =lim,_ ,C ()

by successive iteration and put
C(t) = mG,, (1)

The m parameter is used to scale the initial covariance.
OPTION 11l : PUT FIRST AND SECOND MEASUREMENT RESIDUALS TO ZERO
In option Il, the initializationmethodputs the frequency states to zeroThe methodcould run into
trouble if the ensemble includesocks with frequency offset Typically, RAFSand SPHMhave a
deterministic driffwhich leads to frequency offsets to the sizexd*? or even more

In order to properly initializen ensemble includinglocks withdeterministic drift, option | is extended
to use two measurement residugbet )E(to) := m with

20 58Z(1) o HWF "
D %) CHEF T

(without proof).

As a result the dintesional freedom of the solutias

o HF ~
olim(kerg‘erIF i EN 2N ) N 1-0
(; -
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The authas recommendiniquely solving the equatior(4) by fixing the drift states of all clocks tzero
and fixing one clockwithout frequency offsee.g. 7**°:=(0 0 0)', to zero The solutioris called

mi R®™. Again, a control parametercan beused to steer théme offset of thémplicit system time
Settingh” :=(a 0 0)T for every | it holdsthat
. aHF ¢
b=(b",...,0™) I ker
( ) (?IF e i

and /m +b solves the equation (4)The firstand seconénsemblestimats are

Et)= Rm B andX{t,)= F Em b,

In particuhr, )El#MRC(tl)=X1EMRC(t2) =a. Assuming the fundamental theorem of Browihe

arguments of option Il holdand the implicit systemnie is steered in the same manrapresented in
the example of option .IlHowever, the steeringuality depends on threpresentation errorAnalogous
to option I, the initial covariance is set to

C(t) = mG, (L) .
ExXAMPLE : INITIALIZING THE DLR CLock ENSEMBLE

The initialization options are comparagsing the ensemble of five atomic clocks operatethatDLR
timing laboratory. The clock ensemblédncludestwo highperformance HResium clocks (clock/cesium
#1 and #3), one standard HBsium clock (clock/cesium #2), a GlBciplinedrubidium clock (clock
#4), and an activélydrogen maser (clock #5/AHMf KVARZ. The ensemble clocks are measured w.r.t.
to clock #5 using a timaterval counter.

The outlined options 1, Il,and Il are investigated with m = 2 (option I and Il), | =
(1x10%°,1x10"° 1x10") (option 1) and & 0 (option I/1I/111) to initialize the ensemble

Figure 2 and 3 show thé“Xtate estimates of thesium #1 and the AHM for all optiondn Figure 1,
the ?%state estimates are biased aroumdQf? for option | and Ill. The option III isshifted about
0.5x10",

Similar, the Z%state estimates of the AHM are biased betweet0&' and 110 in the case of option
| and lll. The bias of option Il is aroundk10™.

Assuming that the clocks are free of a frequency offset, option Il consistently estimates the ItlEcks.
the most promising initialization method in this situation
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Figure 1 2" state estimate of Cesium #1
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Figure 2 2"state estimate of AHM
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Mesasurement residual of Cesium #1 w.r.t. AHM
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Figure3. Measurement residuaf Cesium #1 w.r.t. AHM

Figure 3 shows the corresponding measueat residuals of Cesium #1 w.r.t. to AHNBy visual check
the residuals of option | are biased till the dag. The residuals ofion Il and Illlare almost identical
and unbiaseftom the beginning

OCC MODULE: IDENTIFICATION OF NON- AND ACTIVE CLOCKS

The kth iteration processes the measuremé(t; ) to compute the actuansemble estimateased orthe

former estimate)E(tk_l). Z(t. ) canbe corrupted byoutlier, time step non-available measuremenor

frequency step None of these anomalies iodelledby theKalman filter, thus, aregular processing of

a corrupted measurement likely distarthe ensembleestimate. It is the fundamental task of the
consistency check to detemtich kinds of anomalies order to provide the robustness requirement of the
OcCcC.

CONSISTENCY CHECK OF MEASUREMENTS

The statistics of the measurement residualt. MRC
Z(t)=2(1) -H K1)
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is appliedto do a casistency check of the resial ([2]). The covariance oZ~(tk) is
HC (t)H" +R =HG_, (%) H  F

A hypothesis test of each componentit ) is performed[2]). Clock #i is calledactivew.r.t.
MRC, if

2| <4(HC, WHT +R)
Otherwse, it is callednonactivew.r.t. MRC.

It remains to test themeasurementeference clock.The authors employ aad-hoc method. In
the case of less than two active clooks.t. MRC, the measurementeference clock is called
nonactive and active, ee-versa. By definition, a clock waosemeasuremens not availablas
called noractive, too.

CONSISTENCY CHECK OF RE-REFERENCED MEASUREMENTS

In case themeasurementeference clock is identified as naative, the measurement residigminot
Z(t,) processed and an alternate reference clock is determined.

Themeasurements are-referenced to a scalledtrial reference clock l#

Z'(t)=Z(1) -Z(1) XD XD VB (XD XD WD)
=Xt X)) M) (L)
Zire(t)= Z(t) X XL M)

By adaptng the measurement mattix H* := H,P (AppendixB), a hypothesis test of the measurement
residual w.r.t. tdrial referenceclock #

Z7(6)=2" (1) -H" K(.,)

is performed:

2" W), <4f[H'CLH"T 2R,

The same method &eparateonactiveand active clocks is executed as in the case ongesurement
reference clock.

Performing a consistency check w.r.t. to every ensemble ¢laclso-called consistency matrixs
computed. Thei-th row indicates thappliedtrial referenceclock #i and the-th column indicates the
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measurement residual of clock #jhe matrix entry with index (i,j) is set t@4, if the consistency check of
clock # w.r.t. totrial reference #j igonsistentand zero otherwise

OCC MODULE: KALMAN FILTER ADAPTATION

The consistency matrix is useddeterminethe so calledkalman filterreference clockKRC). In case
the entry of the measurement reference clock isis used as KRC.Otherwise, a clock with diagonal
ent oy ifs s el e cTheecdrespordindKrBwCvector determines the active clqblevingfi 1 0
entries) The measurement and measurement matrix are adapted in a way that-dotiveonlocks are
excluded. Furthermorethe measument matrix is adapted w.rkKRC. In case no valid KR can be
identified, the ensemble estimate and covarianceradicted

Since the number of active clock& can be less than N, the former ensemble estir?E(tQ_l) and KF
covarianceCrep(tk_l) , which are of dimensio 3N and (3N,3N)are adpted. The noractive clocks are

excluded from the former estimat&(t,_,) to define NF(t, ,)i R™ .

The covariance adaptation distinguishes two caseshe first case, the number of activealle at ¢
compared to,t; decreasesTherow and columns of theonactive clocks are excluded from the former

covarianceC (1, ,) to define P(t,_ ) R .

In the second case, the number of active clocks incredSgs(t, ;) is reset to the steady of all clocks
(offline computation) Afterwards therows and columns of theon-active clocks are excluded define
P(t_,)I R™® . The authors observe by simulation that if the number tiWeaclocks increaseshe

covariance does not reach the steatiitereusing the previou€

rep
Ceep(ti.1) to the steadystate of all clocksand excludethe nonractive clocks. The reduce covariance
converges

(t.,) . That is the reasoto reset

The actual estimatdﬁ(tk) and covariancP(t, ), using transparent variations computedbased on

NE(t, ,) and P(t, ,).

It remains toset C,,(t,) I R™". Consequently, theows and columns of thective clocks ofC,,(t,)

are set tahe corresponding ones &¥(t ). The nonractive clocks are set the corresponding ones of
Crep(tk—l) .

Notice, the entriesC,(t,) of the noractive clocks are modified, if the number of active clocks
increases.In this situationthe number of active decreases antheentries are unmodified.

OCC MODULE: NON-ACTIVE CLOCK CALCULATION

It remains a procedure to calculate the-aative clocksw.r.t. to the implicit system timeThe
proceduralepends othereason of omontactiveness.
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NO MEASUREMENT AVAILABLE
In case of a noavalable measurementhe noractive clock#i is predicted Y& (t)=7 X’E(tk_l) )

CONSISTENCY FAILURE

In case the clock is neactive due to violating the consistency check, the procedepends on the
consistency of iteratiqn k1. If the clock is previously active,the nonactive claek #i is

predicted Y& (t)=r7 X’E(tk_l) . It is assumed that theonsistency check fails because ofaaitlier. If it

was previouslynonractive the time offsetv.r.t. the implicit system time is calculated usiok™ " (t )
and Z"FC(t ) :

ZHRO(r) + RR(L) =X XN D (L) XX NHD)
=X () -XTT() () N RE().

The secon@nd thirdstates of clock #iarepredicted

% ()= XEt.) ¥ X ) and K (1)= XKt ).

OVERVIEW OF OPERATIONAL COMPOSITE CLOCK (OCC)

Figure 4 shows the work flow of the Operational Composite Clock.

ROBUSTNESS AND STABILITY OF DL Ro6CGEC
The DLR clock ensemble of 5 atomic clocks (example: initialization) is processed using the OCC.
HANDLING OF OUTLIERS AND TIME STEPS

Figure 5 shows the measurement of Cesium #3 w.r.t. AtN& corrupted by several outlie@nda time

step occurst t= 68.74d. Focusing on the measurement deai of Cesium #3 w.r.t. AHMKigure 6), the
outliers and the time step can be visually iderdi and are detected by the OCC consistency check
module.
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Figure4. Work flow of Operational Composite Clock
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Figure6. Measurement residual of Cesi#d w.r.t. AHM.
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In case of the outliers thastimate of the Cesiu#8 corresponds to its predictioRigure 7). However, to
deal with the time step att68.74d several steps are executed by the O@€ .outlined, the consistency
matrix is used to choose a valid KF reference clokkt = 68.74d, no valid KRC can be identifiethus,
the ensemble is predicted:he same enters the following two iterationsnalyzingthe faurth iteration
after t= 68.74dthe diagonal entry of the AHM is still zeamd set to nofactive. The remaining diagonal
entries ard andcan be used as KF reference clogke time step of the AHM iBnally present in every
clock measurementthus, it is dropped out bythe rereferencemenmethod It remainsin the AHM
measurement redual w.r.t. to thetrial referenceclock and thus, the AHM isset to noractivew.r.t. the
trial reference clock

The OCC module KF parameter atiion excludes the AHM and set the KF referen@ée remaining
active clocks are estimatedrigure 4 shows the estimate of Cesi#Bi it is not impacted by the time
step.

5
4.9204 X19 , . . . .

+ estimate of Cesium #3

T

4.9402

4.94 -

4.9398 -

4.9396

time offset in ns

4.9394

4.9392

4.939 -

4.9388 . ' ' : '
0 20 40 60 80 100 120

tind

Figure7. First stateestimate ofCesiun#3.

Contrarily, the estimate of AHM includes the time step of the AHM (Figure 8).
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Figure8. First stateestimate oAHM.

ALLAN DEVIATION OF TIME LAB CLOCKS

Both the KF estimateas well ashe measurements are corrupted by anomahes, the empirical Allan
deviation of the data is impacteguhving no exclusion methodl'he Dynamic Allandeviation([15]) can
be used tdandle this issue in another wa#t each tme point , the Allan deviation is calculated using
a fixedwindow of data.Data windows, free adinomaliesare used to calculatee Allan deviation of the
clocks.

Thetime-interval counteis specified with2*10 *'# *. Figure9 compares the stilies of the Cesium
#1w.r.t. AHM or theimplicit system time The stability ofthe Cesium #lestimateand the measurement
w.r.t. AHM are almost identicalThis indicates that neither the AHM nor the implicit system time impact

the stallity of Cesium #1. Its performanceis extrapolatedas 6*10 **t °°, worse than itshardware
specification of5*10 *?¢ ©°.
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Figure9. Stabilities of high performance Cesium.#1

Figure 10 showsthe stabiliy of the AHM estimate Its stabilityis extrapolatecas 1*10 "¢ °°, worse

than its specification o2*10 **¢ °°. This is reasoned because tesium clocks are part of the implicit
system time. The stability of the weightedesium cbcks is worse than the stability of the AHM\s a
result, the stability of the AHM estimaite characterized bthe weightedcesium clockstability.

170



41st Annual Precise Time and Time Interval (PTTI) Meeting

s
Figurel0. Stability of AHM.

CONCLUSION

The paper describesquiredmethods to operate the comjiesclockin a realworld environmen{Time-

lab, GNSS) The statistic properties of the measurement residual prosdsh is a zero mean and
Gaussian process (KF thearyare utilized to develop consisteninitialization procedure The
recommendedhitialization procedureputsthe ensemble state &away to solve th@éneasurement residual
equationfor either one or two measurement residudlssting the procedure with a DLR clock ensemble

of five atomic clocks, the most promising restitis that ensetle are achieved by fixinghe frequency

states as well as the drift states to zeHnwever, initializing a clock ensemble including clocks with
frequency offsets it is recommended to solve the measurement residual equation using two measurement
residuas. As a result, frequency estimates of the clock ensemble are provided.

Based on the measurement residual pro@sypothesis test idescribed Wich splits the ensemble in
active and notactive clocks. The hypothesis test works with any referencelclas lag as it is part of
the ensemble The Kalman filter is executed with the active clocksatculateestimateof them The
nonactive clocks arealculatedusing a additionalmethod. The robustness of the OCC is validated
using measurementsupof the DLR clock laboratory.Outliers along with time steps of the reference
clock are detected and processed by the OCC without disturbing the remaining estimates.
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