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Introduction PTB

EMRP-project ITOC: “International Timescales with Optical Clocks”

Contents: local comparisons between optical clocks, absolute frequency measurements, assess information
about implementing optical clocks in timescales ...

... remote comparisons!

Optical fibers Satellite-based techniques

limited in availability limited in uncertainty 3



Remote comparisons: using satellites  EEDPTR

Navigation satellites: Geostationary satellites:
RN EEE EEELcIREE
I:I:DDD:D geostat.
satellite
GPS
satellites / \\
ﬁﬁ 1-way technique Cﬁ 2-way technique

Instability depends significantly on signal
properties set by the station (signal power,
modulation bandwidth)

— try out highest modulation bandwidth possible
with equipment 4

Precise Point Positioning (PPP): best openly
available technique

— no significant reduction of instability
possible by changes in the setup
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Frequency comparison with satellites: Two-Way Satellite Time and
Frequency Transfer (TWSTFT)



Two-Way Satellite Time and Frequency Transter EgEP[R
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Two-Way Satellite Time and Frequency Transfer PTB

Satellite
TSat, 1,2
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ATS (Time scale difference)
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Two-Way Satellite Time and Frequency Transter EgEP[R

Satellite

TSat, 12

tstart, 1 tstart, 2

ATI = ATS + TTX,Q + TU,Z + T21 + TD,I + TRX,I

Station 11 1 Lyt

AT2 =-ATS + TTX,l + TU,l + Ty + TD,Z + TRX,Q

Station 2 Trx »

ATS (Time scale difference)
ATS =% [AT, — AT,
— (Tsat, 21~ Lea, 1,2) - (TU,Z_ TD,Z) - (TD,I - TU,l) - (TTX,Z T Lot by — TRX,Z)]

\ J \ )
T T

= 0 for reciprocal path = const. (calibrated)

Frequency comparison: only d(ATS)/dt — dr/dt



modified Allan Deviation

Braunschweig und Berlin

Each laboratory: modem from same manufacturer
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D. Piester et al. IEEE TUFFC 55, 9 (2008), pp. 1906-1912



SATRE Modem tests: long-term instability at C/N = 55 dBHz P‘I‘B
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Braunschweig und Berlin
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Goal: clock comparison with high-bandwidth TWSTFT PTB

NPL P TB Braunschweig und Berlin
(Teddington, UK) (Braunschweig, Germany)
Optical Optical
clock(s) clock(s)
Optical Optical
clock(s) clock(s)
LNE-SYRTE INRIM
(Paris, France) (Torino, Italy)

For the first time:
* TWSTFT with highest bandwidth
* International simultaneous clock comparison between > 2 countries and > 2 optical clocks

* Optical clock comparison for ~ 3 weeks H
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Braunschweig und Berlin

Planning and execution of the clock comparison campaign

12



Comparison of optical clocks: Setup B=PIB
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Clock comparison campaign: overview  EED[R
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Clock comparison campaign: TWSTFT instability EEPTR
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Clock comparison campaign: TWSTFT and GPS PPP EEPTR
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Data analysis

17



Calculate relative frequency differences of optical clocks PTB
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Calculate relative frequency differences of optical clocks PTB
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x. (t) = x(HM, — HM)) (1) (1) =y(OC, —HM,) (1)

(©) =y(OC,-HM,) (1)

clock 1

xlink(t e %) o xhnk(t o %) Clock2
At

- y(HM, ~ HM,) (9

y link( t) =

- y(Ocl o OC2) (t) = yclock,l (t) _yclock,2 (t) + ylink(t)

But: y_ . . (©) dominated by noise of HM, y, (¢) by phase noise of link

19



Calculate relative frequency differences of optical clocks PTB

Braunschweig und Berlin

Optical clocks

U0 T N | Sl (LNESYRTE)

Ml [ NOE0 DN (M N N N AN s: 1ot. (NPL)

INIE U000 NN | NN DU NONEEEN NEEN v ion (NPL)

INET N O T 1 VN (O W WM seia erB)

IR miIEIm = |Yion(PTB)
10 15 20

25
MJD - 57177 TWSTFT links

- EEETTTEERNDNNNN) N NN B |(CVRIM - LNE-SYRTE|
T T 0 N I |[ovRIM - NPL
T TR e
NI NANN) N AN I (s svRTE -NPL|
IR NN DN (v sveos-pis

I 5 | D A O I O O
5 10 15 20 25

MJD - 57177

|
0 5

o] 20



Calculate relative frequency differences of optical clocks PTB

Find a compromise for:
* Minimize phase noise on link data with pre-averaging
* Use only overlapping data to have the HMs cancel out

* Discard as few data as possible

- Obtain y(Ocl o OCZ) (t) - -yclock,l (t) _-yclock,Z (t) + ylink(t)
— calculate weighted mean

21
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n
J=) wi-yi with

=1 =1

W=l gaps:y (t) =[] - w(t)=0

n

Uncertainty? — \/ 2 2 2 2
y u— uA,cIocks+uA,link+uB,clocks+uB,Iink

u, . :contributions estimated from the temperature measured during the campaign

u, = square root of estimator for variance of the mean S%
2 - 2 .
L (17, — 7)2
s5= 2w ) wi(yi — )
=1 ==l
But:

non-white noise on data, gaps on data: biased estimator for standard deviation of the mean
22



Calculate relative frequency differences of optical clocks PTB

reduced biased:

Cut Cut
55 = Zw +22Rl Zw] Wj+1
with
N—I | i
Y VWit (Yi — §)Yir1 — )
Ry — il P Autocorrelation function (ACF)
21 VWiWit
1—
= & ACF, normalized
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Calculate relative frequency differences of optical clocks PTB

Braunschweig und Berlin

Autocorrelation function (of relative frequency data) at different noise types

ACF
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ACF

Calculate relative frequency differences of optical clocks PTB

raunschweig und Berlin

Autocorrelation function (of relative frequency data) at different noise types
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ACF

Calculate relative frequency differences of optical clocks PTB

Autocorrelation function of relative frequency data from clock comparisons

y(OC - HM) y(OC, - OC))
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Clock comparison campaign: Other comparisons E2P|B

BBBBBBBBBBB ig und Berlin

Fountain clocks: l
different requirements for calculation
— pre-average each set of data over certain interval,
use u, . of optical clock comparison
GPS
satellites

GPS:
same as TWSTFT, but on 30s interval
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raunschweig und Berlin

Discussion of results

28



Results for optical clocks (same type) B PIB
NPL
1x10™"° 1x10°"°

Sr-Sr Yb'-Yb'
—eo— —eo— TWSTET

—o—  GPSPPP

optical fibre
(Lisdat et al. 2016)

5x10°16

1x10°*°
LNE-SYRTE

1x10°1°

| ! ® ’ : | PTB
1x10°1° 5x10716 0 5x10°16 1x10°71°

Different clocks: agreement, but slight offset in Sr (NPL) indicated
Different techniques: agreement 29




Results for optical clocks (different type) EEPIB

NPL Alprmailtl gl
NPL NPL (Yb™)
(Yb") (Sr) —e—  TWSTFT
1x10"" GPS PPP

(“0” = CIPM 2017 recommended values)

SXIV

5x101°

1x107"°

LNE(SSE()RTE 1x101®  5x1071'°

Different clocks: agreement (combined uncertainty), but systematic offset
Different techniques: agreement

30



Results for fountain clocks (part 1) B PR

: 5 . (CSF2)
LNE-SYRTE 1x10'®  5x10'® 0 5x10  1x10'° PTB
(FO1) : o - r |
| n (CSF1)
1x10°1° 1x10® (CSF2)

5x10716

—e— TWSTFT

GPS PPP

optical fibre
(Guéna et al. 2017)

Fountain clocks: agreement s
. , 1x10"° INRIM 1x10¢
Different techniques: agreement (CsF2)

Larger uncertainties: larger contributions by the clocks to u, and u, 31



Results for fountain clocks (part 2) B PR

%t (CSF2)
LNE-SYRTE 1x10'®  5x10%6 0 5x10  1x10®  PTB
(FO2) : . — |
— ~ (CSF1)
1x107'5 S

5x10716 Cs-Cs Cs-Rb(F02)

—— —— TWSTET

—O— —o—  GPSPPP

N optical fibre
(Guéna et al. 2017)

INRIM

Comparisons with Rb:
(CsF2) 32

(“0” = CIPM 2017 recommended values)



Summary and outlook

P2
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Summary EEPIB

Braunschweig und Berlin

First simultaneous international optical clock comparison (> 2 clocks)
Characterization of TWSTFT equipment, Analysis of effects impacting precise TWSTFT
measurements

— Corrections (relativistic/ionospheric) required for uncertainty of 1-10-'® or lower
TWSTFT improves respectively with higher chip rate

Development of analysis procedure taking into account gaps and correlation
Limitations:
— disturbances increasing noise/gaps on data (clocks and links)

— determination of u,

Results for clock types of same type agree with each other
Results of clocks of different type agree with CIPM 2017 recommended values, but
indicate an offset
— advantage of simultaneity
34
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* Comparison via optical fibers:
Network set up in Europe, but still only very limited baselines available

* Transportable optical clocks:
limitation in uncertainty and operation due to technical compromises,
only subsequent measurements

* Satellite-based techniques:
— GPS integer PPP (iPPP): lower instability than PPP for averaging times > a few hours
— TW Carrier Phase: superior to all other satellite-based techniques at short averaging
times up to a few hours, but averages with 7
— TWSTFT with SDR (software-defined radio): some systematic effects can be

suppressed, lower instabilities observed at low chip rates
35
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The EMRP is jointly funded by the EMRP participating countries
in El

- Work funded by EU within EMRP/EMPIR B=PIB

* Time Dissemination Group of PTB

* ITOC consortium (PTB, NPL, LNE-SYRTE, INRIM,
MIKES, LUH)

* additional input by TimeTech GmbH, NICT, ORB & BIPM
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EMRP °
European Metrology Research Programme - E U RAM E
® Programme of EURAMET I

The EMRP is jointly funded by the EMRP participating countries
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Braunschweig und Berlin

within EURAMET and the European Union

Thank you for your attention!
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