
V

Contents

1 Introduction 1
1.1 Towards a redefinition of the second with a new generation of atomic

clocks.............................................................................................................. 2
1.2 This work ..................................................................................................... 3

2 Frequency standards and their comparison 7
2.1 Statistical analysis of frequency and time signals.................................... 7
2.2 Frequency standards................................................................................... 11

2.2.1 Primary frequency standards........................................................ 11
2.2.2 Other frequency standards ........................................................... 12
2.2.3 Frequency standards and time scales.............................................. 12

2.3 Comparison of frequency standards........................................................ 13
2.3.1 Two-way satellite time and frequency transfer (TWSTFT) .... 14

The TWSTFT setup.......................................................................... 16
Non-reciprocal delays on the signal path and other sources of 

disturbance....................................................... 19
The instability of TWSTFT..................................................................21

2.3.2 Frequency transfer using Two-Way Carrier Phase.........................22
2.3.3 Time and frequency transfer via GNSS satellites............................23
2.3.4 Other methods of comparison ..................................................... 25

Transportable atomic clocks........................................................... 25
Optical fibers.......................................................................................25

3 Setup and preparation of the broadband TWSTFT clock comparisons 27
3.1 SATRE Modem measurements at high chip rates.................................... 28

3.1.1 Instabilities at different chip rates ................................................... 29
3.1.2 Long-term instability....................................................................... 31
3.1.3 Sources of disturbances and irregularities....................................... 34

Temperature sensitivity.....................................................................34
Internal frequency cross-talk............................................................ 38
Phase jumps at relock onto the signal............................................. 39

3.1.4 PRN code dependence........................................................................40
3.2 Preparation of the ground stations...............................................................43
3.3 Selection of satellite......................................................................................... 47
3.4 Scheduling of the TW links ...........................................................................48

4 The satellite link test campaign 51
4.1 Data recorded during the campaign............................................................51
4.2 Data processing............................................................................................... 55
4.3 Satellite link instability................................................................................... 55

5 The clock comparison campaign 61
5.1 Changes in setup and schedule................................................................. 61

http://d-nb.info/1236221591


vi Contents

5.2 Events during the campaign....................................................................... 62
5.3 Satellite link analysis.......................................................................................64

5.3.1 Comparison of broadband TWSTFT and TWCP during the cam­
paign ..................................................................................... 68

5.3.2 Broadband TWSTFT and GPS PPP during the campaign .... 69
5.4 Corrections of TWSTFT measurements..................................................... 71

5.4.1 Correction of atmospheric effects on TWSTFT........................... 71
Influence of ionosphere................................................................. 73
Influence of troposphere................................................................. 81

5.4.2 Correction of the Sagnac effect..................................................... 81

6 Analysis of the clock comparisons 85
6.1 Clocks operated during the campaign..................................................... 86
6.2 Calculating the relative frequency difference between optical clocks . . 88

6.2.1 The tool for the uncertainty estimation ....................................... 90
6.2.2 The calculation of the mean........................................................... 91
6.2.3 Estimation of the statistical uncertainty.......................................... 93
6.2.4 Estimation of the systematic uncertainty .................................... 94

6.3 Calculating the relative frequency difference between microwave fre­
quency standards (fountain clocks)......................................................95
6.3.1 Estimation of the uncertainty............................................................96

6.4 Discussion of results.......................................................................................98

7 Conclusion 105

A Technical parameters and setup details for the measurement campaigns 111
A.l Supplementary material for the SATRE modem characterization mea­

surements ............................................................................................. Ill
A.2 Technical parameters and setups during the link test campaign . . . .114
A. 3 Technical parameters and setups during the clock comparison campaignl 14

B Derivation of a tool for determining the statistical uncertainty 117
B. l Finding an estimator for p............................................................................119
B.2 Accounting for gaps on the data ................................................................ 121
B.3 Comments on biases.....................................................................................124
B.4 Discussion of the correlations on the data used in this work....................125

Bibliography 127


