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Abstract

Optical clocks are superior to all other clocks, reaching 10−18 in their uncertainty.
This makes them not only attractive for the field of fundamental research, like testing
General Relativity or examining the variance of fundamental constants, but marks
them also as potential candidates for the new definition of the second. An essen-
tial step towards that direction is the possibility to carry out comparisons of optical
clocks at remote sites to have consistency checks of clocks constructed mostly inde-
pendently by different groups.

Satellite-based techniques offer the possibility of simultaneous comparisons over a
large variety of baselines. Their instability, however, has been demonstrated to be
in the low 10−15 range at 1 d averaging time for most measurements. In case of
two-way satellite time and frequency transfer (TWSTFT), the instability is limited
by the modulation bandwidth of the signal. For this work, the full bandwidth of
20 Mchip/s of the commonly used TWSTFT equipment, a SATRE modem, is em-
ployed, providing a potential improvement of a factor of 20 with respect to the cur-
rently performed TWSTFT measurements for the time scale comparisons contribut-
ing to TAI.

This technique is used in this work to compare five optical clocks and six microwave
fountain clocks located at four different European metrology institutes simultane-
ously over a period of 26 d. In order to prepare this measurement, extensive studies
on the SATRE modem are carried out and presented, and other aspects that need
to be taken into account for TWSTFT measurements with low instabilities are dis-
cussed, such as atmospheric delays, geometric and relativistic effects and laboratory
and roof station setups.

The link instability of TWSTFT during the measurement campaign is presented, and
compared to the instability of GPS Precise Point Positioning, that is implemented as
an additional, independent comparisons technique for the campaign.

Relative frequency differences of the optical and the fountain clocks are calculated.
For that, a processing was introduced that combines phase and frequency data of
different noise types and gaps. A respective estimator for the statistical uncertainty,
based on the correlation on the data, is established. The results of both satellite-
based techniques show good agreement with each other, and also clocks based on
the same frequency transition agree within a 1-σ-uncertainty. The overall uncertain-
ties obtained for TWSTFT are between 2.7 × 10−16 and 3.5 × 10−16 for the optical
clock comparisons. Limitations for the uncertainties of the measurements are dis-
cussed in detail, the available satellite-based techniques are evaluated with respect
to their advantages and drawbacks for similar measurements in the future.

Keywords: Frequency comparison, TWSTFT, Optical clock.





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



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.1 Supplementary material for the SATRE modem characterization mea-

surements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 111
A.2 Technical parameters and setups during the link test campaign . . . . 114
A.3 Technical parameters and setups during the clock comparison campaign114

B Derivation of a tool for determining the statistical uncertainty 117
B.1 Finding an estimator for ρ . . . . . . . . . . . . . . . . . . . . . . . . . . 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



vii

List of Abbreviations

Institutes and laboratories

BIPM Bureau International des Poids et Mesures
DLR Deutsches Luft- und Raumfahrtzentrum
ESA European Space Agency
INRIM Istituto Nazionale di RIcerca Metrologica
JPL Jet Propulsion Laboratory
LNE-SYRTE Laboratoire National de métrologie et d’Essais

- SYstème de Références Temps-Espace
LUH Leibniz Universität Hannover
METAS METrologie und Akkreditierung Schweiz

(Acronym used for Eidgenössisches Institut für Metrologie)
MPQ Max Planck Institut für Quantenoptik
NICT National Institute of Information

and Communications Technology
NIST National Institute of Standards and Technology
NOAA National Oceanic and Atmospheric Administration
NPL National Physical Laboratory
NRCan National Ressources Canada
PTB Physikalisch-Technische Bundesanstalt
ROB Royal Observatory of Belgium
USNO United States Naval Observatory

Other abbreviations
AC Atomic Clock
ACES Atomic Clock Ensemble in Space
ACF Autocorrelation Function
CCS Code Combination Session
CIPM Comité International des Poids et Mesures
CP Carrier Phase
CSO Cryogenic Sapphire Oscillator
cw continuous wave
DC Downconverter
DLL Delay-Locked Loop
EAL Échelle Atomique Libre (Free Atomic Time)
FC Fountain Clock
FTZ First Transition through Zero
GLONASS GLObalnaja NAwigazionnaja Sputnikowaja Sistema
GNSS Global Navigation Satellite System
GPS Global Positioning System
GS Ground Station



viii

GUM Guide to the Expression of Uncertainty in Measurement
HM Hydrogen Maser
IGS International GNSS Service
IPPP Integer Precise Point Positioning
ITOC International Time Scales with Optical Clocks
ITU International Telecommunication Union
LNA Low Noise Amplifier
MAD Median Absolute Deviation
MITREX MIcrowave Time and Ranging EXperiment
MJD Modified Julian Date
NMI National Metrology Institute
OC Optical Clock
PFS Primary Frequency Standard
PPP Precise Point Positioning
PPS Pulse Per Second
PRN Pseudo-Random Noise
RF Radio Frequency
SA Spectrum Analyser
SATRE SAtellite Time and Ranging Equipment
SDR Software-defined Radio
SES Société Européenne des Satellites
SES Super High Frequency
SI Système International d’unités
SRS Secondary Representation of the Second
SSPA Solid-State Power Amplifier
sTEC slant TEC
TAI Temps Atomique International

(International Atomic Time)
TEC Total Electron Content
TIC Time Interval Counter
TS Time Scale
TTTOF Time Transfer Through Optical Fibers
TW Two-Way Carrier Phase
TWCP Two-Way
TWOTT Two-Way Optical Fiber Time Transfer
TWSTFT Two-Way Satellite Time and Frequency Transfer
UC Upconverter
UTC Coordinated Universal Time/

Temps Universel Coordonné
VHF Very High Frequency
VLBI Very Long Baseline Interferometry
VSAT Very Small Aperture Terminal
vTEC vertical TEC



1

Chapter 1

Introduction

Time has always played a major role in our life. Its concept has inspired countless
philosophers and artists in the past and present, while daily and seasonal periodic
changes put structure and organization into our lives. Today, timing is even more
important since our lives had become faster and faster with respect to the flow of
information and the amount of activities. The metrology of time and the way we
perceive and use it is based on two fundamental aspects: the duration of a given
time interval and a fixed point in time with respect to a reference, a time scale. Of
course, both are not independent: While an interval can be seen as the difference
of two fixed points, a time scale is created by counting intervals of a well-defined
length.

For a long time, the rotation of the Earth has been the basis for any definition of a
time scale or the basis time unit, the second. Until 1960, it was defined within the
International System of units (SI, Système International d’unités) as the 1/86400th

part of the mean solar day. Another astronomic definition, based on the orbital rev-
olution of the Earth around the Sun, was put into effect for a short period after. But
advanced technologies had brought more precise clocks, revealing that the Earth’s
movement, both the rotation and the orbital revolution, is too irregular to be used
for the definition of the second in the future. The new definition from 1967 on is
based on a hyperfine transition within the cesium isotope 133Cs: 1 s is the duration
of 9, 192, 631, 770 periods of the radiation of this transition [1, 2]. This transition is
realized in Cs atomic clocks with an accuracy between 10−12 (in commercial clocks)
and 10−16 (in the best laboratory setups) and can be converted into frequency and
pulse signals for dissemination and the generation of a time scale. Today, the signals
of more than 400 atomic clocks worldwide are compared and the data are collected
to generate UTC (Universal Coordinated Time).

Applications for time and frequency measurements with high accuracy and stability
range from telecommunication networks, power grids, and navigation to radio as-
tronomy and fundamental research. A further increase of accuracy and stability and
a new definition of the second with higher precision would bring benefits to all of
these fields, especially navigation and research. Currently, atomic oscillators based
on the Cs transition or other transition frequencies as in rubidium or hydrogen are
installed on board of the satellites of all Global Navigation Satellite Systems (GNSS),
as GPS (Global Positioning System), Galileo, GLONASS (GLObalnaja NAwigazion-
naja Sputnikowaja Sistema) or Beidou, gaining navigation accuracies down to few
meters for civil users [3–6]. In the research domain, atomic clocks can contribute to
the the test of Einstein’s theory of General Relativity or the question of time varia-
tion of fundamental constants [7–11]. As an example, one worldwide coordinated
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research project working on these goals is the ACES project (Atomic Clock Ensem-
ble in Space), funded by the European Space Agency (ESA), where atomic clocks
will be installed on board of the International Space Station [12]. These clocks, a
laser-cooled Cs clock and a hydrogen maser, will be compared as an ensemble with
atomic clocks at dedicated ground stations with different techniques. High accura-
cies in atomic clocks do also allow for measuring the differences in the gravitational
field for geodesy by determining the gravitational redshift [13–15].

1.1 Towards a redefinition of the second with a new genera-
tion of atomic clocks

Within the past fifteen years, a new generation of atomic clocks was developed,
based on transitions between energy levels corresponding to radiation in the op-
tical frequency range, hence the so-called optical clocks. Suitable transitions were
identified in several elements, like strontium, ytterbium, mercury, aluminum and
calcium [10, 16–20]. While the best Cs clocks today, Cs fountain clocks, can reach
uncertainties down to a few parts in 1016 [21–27], optical clocks have been proven
to exceed this lower limit by one order of magnitude or more. This marks them
as promising candidates for a redefinition of the second [28–30]. For a proper re-
definition, the common approach is to chose one transition, while recently also the
idea of a definition based on a weighted mean of different frequencies was devel-
oped [31]. But in either way, the best transitions with respect to uncertainty, relia-
bility and reproducibility need to be selected. For that, the few existing clocks need
to undergo a careful evaluation: Clocks of the same transition are often constructed
independently from each other by different institutes. For a redefinition, several
comparisons with respective low uncertainties between clocks of the same and of
different types need to be carried out. Although they show a low instability when
measured locally against another optical clock, remote comparisons with satisfying
uncertainty and instability could only be carried out rarely. The frequency evalua-
tion of these clocks with respect to the current definition of the second is limited by
the instabilities and uncertainties of the Cs clocks. In addition, although both the
Cs fountains and the optical clocks are complex laboratory setups, the optical clocks
require more work in most cases when in operation, leading to only short periods of
measurement that might have gaps.

One of the projects representing a step towards the redefinition is the ITOC project
(International Time scales with Optical Clocks), a project between several European
metrology institutes [32], founded by the European Union within the European
Metrology Research Programme. In order to gather as much information as possible
about the optical clocks located at these institutes, local comparisons between these
clocks and measurements against Cs clocks should be carried out while assessing
the lowest uncertainties possible to provide the most recent and significant results
for these clocks. Furthermore, transportable optical clocks should be constructed
both as a proof of concept and to provide a new possibility of remote comparisons.
A sophisticated calculation for analyzing all available results to check for consistency
and to gain the most accurate value for a frequency transition should be developed,
a frequency ratio matrix. For that, also results obtained by comparing the same pair
of different optical clocks locally at different laboratories are quite important. In
an additional step, the impact of optical clocks used in time scales on international
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level should be evaluated. This includes the assessment of remote comparison tech-
niques, the handling of gaps on the data but also the analysis of relativistic effects
that affect either the clocks directly or the comparison techniques.

1.2 This work

To both test remote techniques and to carry out comparisons of optical clocks, one
of the main goals within the ITOC project is a simultaneous remote comparison be-
tween optical clocks located at the European institutes INRIM (Istituto Nazionale di
RIcerca Metrologica, Torino, Italy), LNE-SYRTE (Laboratoire National de métrolo-
gie et d’Essais - SYstème de Références Temps-Espace, Paris, France), NPL (Na-
tional Physical Laboratory, Teddington, UK) and PTB (Physikalisch-Technische Bun-
desanstalt, Braunschweig, Germany). A simultaneous comparison enables a better
cross-check of the clocks’ frequencies and can be used to identify discrepancies oc-
curring within a certain time of operation. Remote comparisons of clocks can be
carried out by using transportable clocks, optical fibers or satellites. Each technique
provides different advantages and drawbacks. A few transportable optical clocks
have been developed [33–35], but besides their limitation in uncertainty and insta-
bility due to technical compromises and complexity in operation, comparisons be-
tween remote stationary clocks cannot be carried out simultaneously. Optical fibers
provide instabilities lower than optical clocks, but are only available on a few se-
lected baselines, so far only within one country or between neighboring countries,
since a cascade of equipment like amplification and repeater is necessary [36–39]. In
recent years, a few international optical clock comparison could be carried out [40–
42], but the availability of links between laboratories operating optical clocks is still
strictly limited.

Simultaneous remote comparisons can be best carried out by using satellites. Both
navigation and geostationary satellites are used daily for comparisons of atomic
clocks and time scales over all lengths of baselines from a few hundreds of kilome-
ters up to almost ten thousand of kilometers. The signal of navigation satellites can
be used to compare the reference time of several remote GNSS receivers. The accu-
racy of these comparisons benefits from the improvements on the signal made for a
higher accuracy of navigation, but apart from these improvements parameters of the
signal cannot be changed in favor of temporary time comparisons. Only with addi-
tional changes or additional steps in the post-processing of data by using additional
information about the satellite and the atmosphere, and using additional aspects of
the signal (measurement of pseudoranges with respect to the modulated code on
the carrier and the phase of the carrier), an improvement in instability and accuracy
could be achieved within the last fifteen years. A technique using both code and car-
rier measurements and benefiting in post-processing from data about satellite orbits
and clocks and other aspects relevant for the signal path is the Precise Point Posi-
tioning (PPP) technique [43, 44]. With this, instabilities of 1 × 10−15 or lower can
be achieved at 1 d averaging time [45]. In the past few years, an improvement was
implemented, the so-called Integer PPP (IPPP) [46], which shows improvements for
long averaging times and thus reaches instabilities below 1× 10−15 at 1 d averaging
time or even below 1× 10−16 at 10 d, but is not openly available yet.
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Another technique, called Two-Way Satellite Time and Frequency Transfer (TW-
STFT), uses geostationary satellites. As indicated by the name, it is a two-way tech-
nique, i.e. based on a simultaneous bidirectional exchange of a modulated signal
by the stations via the satellite. The main device of each ground station is a mo-
dem, where several parameters can be changed that have an impact on the overall
instability of the signal, like signal power and modulation bandwidth. The choice of
these parameters is limited by the agreement with the satellite operator, that allows
only for a limited power, which is usually in a given range for all measurements,
and sets the available bandwidth on the satellite transponder.

Up to now, most of all TWSTFT operations were carried out with a modulation
bandwidth of 1 Mchip/s or 2.5 Mchip/s, which yield instabilities in the low 10−15

range at 1 d averaging time. By leasing a corresponding large bandwidth on the
satellite transponder, 34 MHz, a significantly higher modulation rate of the modem
can be used, 20 Mchip/s. This corresponds to the maximum modulation rate of the
SATRE (SAtellite Time and Ranging Equipment) modem, which is installed in most
laboratories using TWSTFT. A high bandwidth TWSTFT experiment like this was
never carried out before. Measurements with bandwidths up to 5 Mchip/s predict
an instability in the low range of 10−16 at 1 d averaging time for a bandwidth of
20 Mchip/s, thus a reduction of about a factor 10 compared to the TWSTFT opera-
tions carried out today [47].

This potential improvement was used for this work. The comparison of optical
clocks located at the four different European institutes and thus developed and con-
structed by different research groups was carried out by using 20 Mchip/s TWSTFT.
For that, the respective bandwidth was made available on a satellite transponder
for approximately one month in order to further decrease the instability with longer
measurement time and therefore to gain a final comparison uncertainty in the low
10−16. Although this is still larger than the uncertainties of local optical clock com-
parisons, the simultaneity of the measurement can reveal certain aspects of the single
clocks and therefore serve as consistency check. Furthermore, the campaign repre-
sents a proof-of-concept for this broadband technique and its potential benefit with
respect to the instability, since broadband TWSTFT with 100 Mchip/s is part of mea-
surements in the framework of ACES, and might be considered for other future mea-
surement campaigns.
In parallel to TWSTFT, GPS PPP was implemented as an additional independent
comparison technique for the clock comparison. Furthermore, the fountain clocks
operated at the four institutes were included in the comparison campaign, since
only a limited number of direct fountain comparisons for research purposes were
carried out before [48–51].

This thesis starts with a short introduction into statistical tools commonly used to
characterize measurements in the field of time and frequency in Chapter 2. This
chapter also comprises an overview over atomic clocks used during the experiments
and the most important comparison techniques, describing TWSTFT in detail. Since
a modulation rate of 20 Mchip/s was never used before for a time transfer experi-
ment via satellite, extensive preparations were required, which are covered in the
next two chapters. Elaborate studies were carried out with the SATRE modem,
which are presented in the first part of Chapter 3. Other preconsiderations concern-
ing hardware and planning are described in the rest of the chapter. Furthermore,
it was decided to carry out a 1-week link test campaign several months before the
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actual clock comparison. The results of this campaign, including potential improve-
ments for the main clock comparison campaign, are presented in Chapter 4. Chap-
ter 5 discusses this main campaign with respect to the TWSTFT links, the instability
achieved, as well as the corrections applied on the data, whereas the calculation of
the frequency difference of the optical clocks is provided in Chapter 6. This includes
a discussion about the challenges of finding an appropriate method for the calcula-
tion and uncertainty estimation in presence of gaps and disturbances on the data.
The final results of this work are presented and discussed. Chapter 7 summarizes all
important observations and results and provides an outlook for future experiments.

Appendix A provides supplementary information about technical parameters and
setups for the modem characterization measurements and during the link test and
the main clock comparison campaign, whereas Appendix B supports the discussion
in Chapter 6 with a derivation of a formula.

The main results of this work and some of the discussions in Chapters 5 and 6 are
published in [52].
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Chapter 2

Frequency standards and their
comparison

This chapter provides an overview over the frequency standards of interest for this
work and summarizes the commonly considered comparison techniques for these
standards. To do so, a short introduction to the tools of statistical analysis in the
field of time and frequency is given at the very beginning of this chapter. These
are needed to characterize the frequency standards and to select the appropriate
comparison technique for the different standards.

2.1 Statistical analysis of frequency and time signals

When time and frequency measurements are analyzed over time, information about
their stability, i.e. their variation with time, and the underlying noise processes can
be obtained. This can be done to support classical estimates of a single mean of
the measurement and to gain a better understanding of the uncertainty. Although
the analysis of stability is a statistical approach, systematic effects like temperature
variation have an impact on the stability, too, and an analysis can help to separate
and possibly quantify different contributions to the overall uncertainty. The overall
uncertainty in general is the quadratic sum of the so-called statistical uncertainty,
also type-A uncertainty uA, and the systematic uncertainty, type-B uncertainty uB,
according to the Guide to the expression of Uncertainty in Measurement (GUM) [53].

One tool available for this purpose is the 2-sample variance, or Allan Variance σ2
y [54],

which is calculated for different averaging times τ: the differences of two averages,
both over two distinct consecutive timing intervals τ, are calculated to gain a char-
acteristic instability measure for this averaging time τ. For N measurements of a
relative frequency y on a time grid of τ0, it can be calculated as follows:

σ2
y =

1
2(M− 1)

M−1

∑
i=1

(ȳi+1(τ)− ȳi(τ))
2, (2.1)

where ȳi(τ) is the i-th average of all yi within τ and M the amount of averages, with

M =
N

τ/τ0
(2.2)
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Phase measurements x can be converted into frequency measurements by calculat-
ing the difference between phase values on a certain time interval and dividing it
by the interval between the values. Hence, for a calculation of the Allan Variance,
triplets of phase values are necessary, and Eq. 2.1 changes accordingly:

σ2
y (x) =

1
(2M̃− 2)τ2

M̃−2

∑
i=1

(xi+2(τ)− xi+1(τ) + xi(τ))
2, (2.3)

with M̃ being the amount of phase values measured between time intervals of τ,
hence M̃ = M + 1.

The Allan Variance was introduced to bypass the problem that the classical variance
diverges for most clock types due to the presence of flicker noise. The square root
of the Allan Variance is the Allan Deviation, which is the commonly used represen-
tation of the Allan Variance. Different designated noise types on the data result in
different time-domain exponential dependencies for the Allan Deviation, according
to Riley [55]:

• white and flicker phase noise: τ−1

• white frequency noise (random walk phase noise): τ−1/2

• flicker frequency noise: τ0

• random walk frequency noise: τ1/2

In theory, the list can be extended to further noise types like flicker walk frequency
noise (τ1) and random run frequency noise (τ3/2), but in reality these noise types
are almost never encountered and are thus mostly irrelevant for the analysis of time
and frequency signals. In case of a frequency drift, the Allan Deviation shows a
dependence of τ1, while a linear drift in phase, i.e. a frequency offset, does not have
an impact on the Allan Deviation.

The classical Allan Variance is an unbiased estimation of the true variance of fre-
quency samples when white frequency noise is dominant. But it has still some
disadvantages: it has a relatively poor confidence for large τ and it does not dif-
ferentiate between white and flicker phase noise. Several different and for special
purposes refined versions of the Allan Variance exist to overcome these problems
and are recommended for different kinds of usage. The modified Allan Variance
σ2

mod [56], which will be used in most parts of this work, shows a lower exponent for
white phase noise (−3 for the Variance, and respectively −3/2 for the Deviation),
since white phase noise is expected to be dominating for some of the measurements.
Overlapping Allan Variances can be useful for a qualitative analysis for longer av-
eraging times, because they create additional points for each τ by taking, similar to
the moving average, overlapping data intervals. However, this might establish ad-
ditional correlations for the data used. Other variances are designed to differentiate
between a frequency drift and flicker walk and random run frequency noise [57].
The used variance types can be calculated from both phase and frequency data.

Another commonly used tool for the timing community is the so-called Time Al-
lan Deviation (short: Time Deviation) which is the square-root of the Time Allan
Variance σ2

x [58]. It can be directly calculated from the Modified Allan Variance by
multiplying the factor τ2/3 and is used for analyzing stability in time and phase
noise on data explicitly. The Time Allan Variance is an unbiased estimator of the
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FIGURE 2.1: The different types of Allan Deviations depicted for dif-
ferent noise types. (a) shows both the classical Allan Deviation and
the modified Allan Deviation. They have the same value for a start-
ing point of averaging, but due to the difference for white phase noise
the modified Allan Deviation can reach lower instabilities in presence
of white phase noise. However, note that only the Allan Deviation is
unbiased with respect to the true deviation of frequency samples af-
fected by white frequency noise. These deviations are dimensionless.
(b) shows the Time Deviation for the same noise types. It is unbi-
ased with respect to the true deviation of phase samples dominated
by white phase noise. The Time Deviation has units of time. Both

have a logarithmic scale.
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true variance of phase data affected by white phase noise. Fig. 2.1 (a) depicts both
the Allan Deviation and the modified Allan Deviation for different noise types. In
Fig. 2.1 (b) the corresponding Time Deviation can be seen. For all kinds of deviation
the depiction is logarithmic, making the exponent for the relation between σ and τ
the slope of the graphs.

The Allan Deviations do not only reveal different noise types, but also other struc-
tures like oscillations do appear. Fig. 2.2 shows the Allan Deviation plot of a sine
function with a period of one day. In such a way instabilities due to variations with
a diurnal pattern can be simulated to analyse such features in Allan Deviation plots
of real measurement data.

FIGURE 2.2: Modified Allan Deviation of a simulated diurnal oscilla-
tion. This results in minima at the oscillation period and maxima in

between. Image taken by courtesy of E. Benkler.

The calculation of the Allan Deviation assumes the data to be continuous on a time
grid with ∆t = τ0. Gaps on data were treated either by interpolation or gap removal,
i.e. considering all present data as continuous ("stitching the data together"). In
general, applying these methods blindly, the calculation becomes erroneous [59, 60].
Mathematical techniques were proposed that would allow for gaps on the input data
for the calculation of the Allan Deviation [61]. However, these treatments were so far
only taking the classical Allan Deviation into account and are applicable for phase
data only.

The value of the Allan Deviation at a certain averaging time τ serves as a qualitative
estimate for a respective uncertainty uA when the value of the relative frequency y
is determined as an average with a certain weighting function. However, in order to
convert the Allan Deviation quantitatively to the statistical uncertainty, a certain pre-
factor is needed, depending on the dominating noise type [62]. So this approach can
be used to calculate the uncertainty at a certain τ which will always be smaller than
the overall measurement interval, and only when a known noise type is dominating.
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2.2 Frequency standards

Every clock consists of an observable recurring event of certain stability in its pe-
riodicity and a mechanism for counting these events. Atomic clocks are based on
atomic transitions and use thus single atoms or an ensemble of atoms as reference
for the frequency. Due to their low uncertainty and instability (several orders of
magnitude with respect to mechanical clocks), they are considered as standards for
the frequency. Atomic clocks are in most cases passive standards, i.e. they have an
external frequency source that can be locked on the atomic transition. In some cases,
build-in electronics divide the signal into a frequency of a common quantity, like 5,
10 or 100 MHz, or 1 Hz as pulse (called 1PPS (Pulse Per Second) signal), which are
given as output. In other cases, the frequency of the reference is directly measured
against an external oscillator or another atomic standard.

2.2.1 Primary frequency standards

Since 1967, the second within the International System of units and hence, the unit
of frequency, is defined by the hyperfine transition in the cesium isotope 133Cs [1, 2].
A frequency standard is called Primary Frequency Standard (PFS) under two condi-
tions. First, it uses directly this 133Cs transition as internal frequency reference to be
locked on. Second, it has a fully evaluated uncertainty budget based on all known
effects and their measurements or theoretical estimations. Furthermore, this uncer-
tainty budget is always valid when the clock is operated as PFS. The first Cs clocks
were beam clocks, named after an atomic beam directed through a microwave os-
cillator to put the atoms into an excited state. These clocks, developed between
the 1950s and the 1980s, could reach relative uncertainties in the range of 10−10 to
10−14 [63, 64]. Commercially available Cs clocks are beam clocks, too. Today their
uncertainty is approximately at a 10−13 level, but since they do not provide the com-
plete individual uncertainty budget, but are rather directly or indirectly calibrated
against a Cs clock used as reference standard, they are not referred to as PFS.

Within the last 30 years, a new type of primary frequency standard was developed,
the Cs fountain [65, 66]. A different mechanism for locking the external oscillator
on the Cs frequency is used: the interaction time between the external frequency
source and the Cs atoms is increased via laser cooling of atoms. With this technol-
ogy, this clock is enabled to reach lower systematic relative uncertainties in the range
of 10−15 or 10−16 [22–25, 67–70]. The fountains usually show white frequency noise
for all observed averaging times, reaching 1× 10−15 or lower at 1 d averaging time.
The instability of the external frequency source at 1 s is in general in the 10−13 range
or below. However, frequency measurements with fountain clocks are due to their
operation mode evaluated on longer time intervals, such as 100 s. Only few labora-
tories worldwide operate Cs fountain clocks, and improvements for the operation
and a careful re-evaluation of the uncertainty budget are undertaken on a regular
base. Some laboratories, including PTB and LNE-SYRTE, manage to operate their
fountains with a very high "uptime", i.e. a high percentage of operation time within
a given interval, which is necessary to generate a time scale.
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2.2.2 Other frequency standards

Another category of frequency standards are the so-called Secondary Representa-
tions of the Second (SRS). These are clocks based on atomic transitions selected and
listed by the Bureau International des Poids et Mesures (BIPM) [71]. These transi-
tions are given as absolute frequency values, since they were measured against PFS
with a corresponding uncertainty. Transitions within this list have been realized in
frequency standards independently, they have been evaluated against PFS several
times, with the corresponding measurements showing sufficiently low uncertain-
ties.

Having various similar properties and a suitable hyperfine transition in the mi-
crowave range close to Cs, the rubidium isotope 87Rb provides a transition for a SRS.
Alongside with commercial Rb clocks several fountains with a Rb reference were
built [72]. LNE-SYRTE has developed a dual-fountain with both Cs and Rb that can
be operated simultaneously [73]. Since effects causing systematic frequency shifts
are similar as for Cs, similar uncertainties can be reached. However, a lower colli-
sional shift allows to operate with higher atom density which consequently leads to
a better stability.

The largest group of the SRS, however, are transitions in the optical frequency range
of the electromagnetic spectrum, and thus the respective frequency standards are
called optical clocks. There are two major categories, optical clocks based on trapped
ions and clocks based on a neutral atom ensemble, also referred to as "lattice clocks".
During the past ten years, both systems made rapid progress, and many institutes
report on the construction and research on these clocks. Ion clocks are based on yt-
terbium (171Yb+, electric quadrupole (E2) and electric octupole (E3) transition [74–
76]), strontium (88Sr+ [77, 78]), calcium (40Ca+ [79–81]), aluminum (27Al+ [19, 82,
83]), and mercury (199Hg+ [84–86]). The evaluation of systematic uncertainties show
uncertainties in the 10−17 range or even below, while the instability is in the range of
10−17 at around 1000 s. For lattice clocks, neutral atoms of the isotopes 171Yb [87–90],
87Sr [91–95], 88Sr [96, 97], and 199Hg [98] are used. The presently achieved uncertain-
ties and instabilities are similar to those mentioned above for ion clocks. However,
due to the higher number of atoms, lattice clocks have the potential to reach lower
instabilities and thus lower statistical uncertainties in measurements. The operation
of optical clocks is more complex than for other atomic clocks and thus more prone
to interruptions.

Another important frequency standard is a Hydrogen Maser (HM) [99]. They are
commercially available. Due to their low short-term instability and their continuous
operation they are used as oscillators in time scales (see below), but also as stable ref-
erence for geodetic stations operating VLBI (Very Long Baseline Interferometry) or
on board of satellites. Hydrogen masers show different noise over different regimes
of averaging times, starting with white and flicker phase noise at 10−13 at 1 s to 100 or
1000 s, before showing white frequency noise. Between 10, 000 s and 1 d, a frequency
drift increases the instability again.

2.2.3 Frequency standards and time scales

Time scales are used for synchronization on local, regional or global levels, with UTC
being the international reference time scale. UTC is computed monthly by BIPM in
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three steps. First, a weighted average of the data from commercial standards (HM,
Cs, Rb) is computed as Free Atomic Time (Echelle Atomique Libre, EAL), with the
goal to reach the best stability for an averaging time of about 30 d. In a second step,
the PFS and SRS data provided by the National Metrology Institutes (NMIs) are
used to steer EAL frequency so that the resulting time scale unit interval is close to
the SI second. This time scale is called International Atomic Time (Temps Atomique
International, TAI), it is thus completely independent of any astronomical process.
Only in a final step, an integer number of seconds is added to TAI in order to keep
UTC close within 1 s to the universal time UT1 which is based on the Earth’s rotation.

Both UTC and TAI are time scales without any physical output, however, most lo-
cal time scales by metrology institutes and several other research laboratories and
companies are local physical realizations of UTC (UTC(k)) that are designed to have
a rather high stability and a rather low offset to UTC, depending on the purpose of
the time scale. Frequency standards for this realization are chosen according to the
needs of the time scale. The time scales of some NMIs are based on an ensemble of
different frequency standards with different weighting or steering algorithms. The
combination of using hydrogen masers with their low short-term instability that are
steered by primary frequency standards realizing the SI second such as fountains
was first implemented by PTB, and has been proven to be very effective generating
a time scale of high stability and accuracy with respect to UTC, i.e. a UTC(k) staying
close to UTC within a few nanoseconds [100, 101].

Together with data of local comparisons, a key feature for TAI/UTC and for the
access to the information of UTC – UTC(k) are comparison data between remote
institutes.

2.3 Comparison of frequency standards

Frequency standards are compared for two main reasons: first, to gain the differ-
ences between standards in order to generate a time scale, as mentioned above, and
second, to evaluate the frequency standards themselves for research in the develop-
ment of clocks and in the field of fundamental physics. This includes the proof of
consistency for comparison of frequency standards of different types, but also of the
same type, yet differently constructed.

The most straight-forward approach of comparing frequency standards is a local
comparison, i.e. a comparison of two clocks in the same laboratory, building, or sep-
arated by only a few hundred meters. The short distances can be overcome without
any significant signal losses by using either coaxial cables for signals up to 100 MHz
or optical fibers with active stabilization. When comparing a microwave frequency
standard with an optical one, a frequency comb is necessary to convert the frequency
range [102]. Since Cs standards provide the second according to the SI definition,
comparison between these and frequency standards based on other transition (mi-
crowave or optical) are considered as absolute frequency measurements. Absolute
frequency measurements of optical frequency standards are mostly limited by the
uncertainties and instabilities of the Cs standards, most often fountains, and respec-
tive uncertainties in the range of low 10−15 down to 10−16 can be reached [11, 17,
20, 74, 75, 89, 103, 104]. Local comparisons of optical frequency standards can yield
uncertainties in the range of low 10−17 [10, 105], where the estimated systematic
uncertainty can have a major contribution [19, 94, 106, 107].
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However, only remote comparison techniques both enable the synchronization of
different local time scales in a national or international frame and grant access to the
full picture of frequency standards on a global scale. For many techniques, the term
"transfer" is used for the general description. This does not necessarily imply the
time and frequency related information moving only from one site to another, but
is in most cases an actual comparison between different time or frequency sources.
This work focuses mainly on satellite-based techniques, in particular by the use of
geostationary satellites, which will be covered in detail in the following sections.
Other methods, which are not used in this work, are only briefly introduced in sep-
arate paragraphs at the end of this chapter.

2.3.1 Two-way satellite time and frequency transfer (TWSTFT)

Two-way Satellite Time and Frequency Transfer (TWSTFT) is a technique to compare
atomic clocks located at different NMIs, and is thus used for UTC generation. It is
a two-way technique, i.e. the participating stations send signals simultaneously to
the satellite, where the signals are received, converted to downlink frequencies by a
transponder, and transmitted back to the ground. This is illustrated in Fig. 2.3.

FIGURE 2.3: Illustration of the two-way (TW) principle. Signals are
sent from Ground Stations (GS) 1 (in red) and 2 (in green) to the satel-
lite simultaneously. The equipment at each station consists of a mo-
dem, several converters and amplifiers and an antenna, with the mo-
dem being referenced to the local time scales TS1 and TS2. This allows
to perform the necessary measurements to compare both time scales.

The signals transmitted by the stations 1 and 2 are synchronized with the respective
local time scales, TS1 and TS2. To measure the difference between both time scales,
∆TS, both stations send their signal at a coordinated point in time tstart considered
as common, but which are in fact delayed by ∆TS with respect to each other (see
Fig. 2.4):

∆TS = tstart,1 − tstart,2 (2.4)

The signal from each Ground Station (GS) is traversing the transmitting equipment
(TX part, corresponding to transition time τTX), sent to the satellite (uplink, τU),
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FIGURE 2.4: Derivation of the two-way equation. The single delays
of the signal paths for the signals from Ground Station 1 (GS1, in red)
and GS2 (in green) are depicted over time. The vertical distance to
the time axis marks the location of the respective signal delay. GS1
sends its signal at the starting point tstart,1, and GS2 at the point tstart,2,
which is delayed by the difference between the two time scales ∆TS.
Both signals are transmitted to the satellite, then the signal from GS1
is received by GS2 at tstop,2, and, with a delay, the signal from GS2 at
GS1 at time tstop,1. The difference between tstart and tstop is measured
as time difference ∆T at the respective ground station, as the sum of

the respective delays.

passing through the satellite transponder (τsat), sent back to the Earth (downlink,
τD), and received by the other station, with an additional delay in the receiving
equipment (RX part, τRX). Thus, the propagation time for the signal sent by GS1
is τGS1 = τTX,1 + τU,1 + τsat,1,2 + τD,2 + τRX,2, depicted in red in Fig. 2.4, and vice versa
the delays can be written down for the signal sent by GS2 τGS2, depicted in green in
Fig. 2.4. Each station measures the time difference ∆T between the start of the trans-
mission of its own signal tstart and the time of arrival tstop of the incoming signal of
the other station. These measured time differences can be written down as:

∆T1 =∆TS + τTX,2 + τU,2 + τsat,2,1 + τD,1 + τRX,1

∆T2 =− ∆TS + τTX,1 + τU,1 + τsat,1,2 + τD,2 + τRX,2 (2.5)

Thus, to gain the difference ∆TS, both measurement results are needed:

∆T1 − ∆T2 = 2 · ∆TS
+ τsat,2,1 − τsat,1,2 + τU,2 − τD,2 + τD,1 − τU,1︸ ︷︷ ︸

= 0 for reciprocal path

+ τTX,2 − τTX,1 + τRX,1 − τRX,2︸ ︷︷ ︸
= const.

(2.6)
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In the ideal case, the signal paths between both antennas are symmetrical for both
signals (second line in Eq. 2.6). In reality, this is not necessarily given, and various
aspects as sources for non-reciprocity, given below, might need to be considered as
corrections C on the result. The local equipment at each station does not allow for a
complete symmetry for the signal paths for both outgoing and incoming signal, but
since this difference is not expected to change over time, it can be compensated by
calibration.

This finally leads to the two-way (TW) equation:

∆TS =
1
2
(∆T1 − ∆T2) + C + const. (2.7)

In order to measure the time difference, a Time Interval Counter (TIC) is used. This
suggests that the signals have the structure of 1PPS, however, as for other telecom-
munication purposes, it is more adequate to use a continuous wave (cw) signal.

The spread spectrum technique is used, as the signal is less sensitive to disturbances
of small bandwidth. First experiments using a bidirectional exchange of a mod-
ulated signal via satellite were carried out between 1978 and 1981 [108, 109], and
from these the so-called MITREX (MIcrowave Time and Ranging EXperiment) was
developed [110, 111]. A binary Pseudo-Random Noise (PRN) code sequence is mod-
ulated onto a carrier frequency in the range of VHF (Very High Frequency), usually
70 MHz. This is done via phase modulation (phase shift keying). Beside the use of
the spread spectrum technique, these code sequences can be used to send more than
one signal within the same frequency band by sharing the sequence with the other
stations. As a prerequisite, the codes have to be orthogonal.
Since no information is transmitted within this binary sequence, one single unit is
not called "bit", but "chip", and the amount of chips per second in the modulated
signal is called chip rate. However, the whole sequence is referred to as 1 bit (see
Fig. 2.5, [111]). The length of the sequence and thus the bit rate depends on the
stages n of the shift register in the modulation unit. A code can have an amount of
chips p of p = 2n− 1. For a modulation unit with n = 14 stages, which was used in the
first MITREX campaigns, the maximum possible code length was p = 16, 383 chips.
For system design reasons, the code sequence was truncated to a number of some
decade, in the example above to p = 10, 000 chips.
In the case of a signal modulated with 2 Mchip/s, 1 chip has a length of t = 0.5 µs.
Thus, with p = 10, 000 chips, the signal has a bit rate of 200 bit/s. The code sequence
is repeated 199 times within one second, the 200th repetition marks the beginning of
a new second and serves as a pulse in a 1PPS signal.

To transmit the signal to the satellite, it is converted into the SHF (Super High
Frequency) range that is usually used for all kinds of radio communication trav-
eling through the atmosphere. Frequencies used for TWSTFT typically lie in the C
(4. . . 8 GHz), X (8. . . 12 GHz), and Ku (12. . . 18 GHz) bands.

The TWSTFT setup

The heart of the ground station is the modulation and demodulation unit, a modem.
Today, almost all NMIs use a SATRE modem (SAtellite Time and Ranging Equip-
ment), which is based on the MITREX modem which was developed for TWSTFT in
the 1980s. The SATRE modems are commercially available equipment developed by
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FIGURE 2.5: Structure of the code modulated onto the signal, af-
ter [111]. The chip rate depicted here is 2 Mchip/s, with a number

of chips in the sequence of p = 10, 000 chips.

TimeTech GmbH in Stuttgart, Germany. Only in Japan another modem was devel-
oped which is compatible with SATRE [112].

The SATRE modem uses three input signals from the local time scale, one 10 MHz or
5 MHz signal and two 1PPS-signals. From the first one, the 70 MHz carrier is gener-
ated. One 1PPS-signal is directly used for the generation of an internal PPS to mark
the zero-crossings of the carrier for the phase measurement of ∆T, the other one as
reference for the synchronization with the local time scale. The MITREX modems
had 8 PRN codes of high orthogonality available. With SATRE, the user now has the
choice between 32 different PRN codes, 8 of them being the original codes from the
MITREX modems. Another important parameter is the modulation bandwidth. In
order to enable the signal transfer, the corresponding bandwidth must be available
and unused on the satellite transponder. For the TWSTFT measurements carried out
on a daily base, chip rates of 1 and 2.5 Mchip/s are used [113].

For the measurement of ∆T, an internal 1PPS-signal is also generated from the in-
coming signal. To do so, a Delay-Locked Loop (DLL) is used after demodulation.
Since the sequence of the incoming signal is known, it can be generated locally with
an estimated delay ∆T̂ and overlapped with the incoming signal to find a maximum
correlation between both, thus when ∆T = ∆T̂. Here, this is done twice, with a
so-called early-late correlator: the incoming signal is split and correlated with one
local sequence delayed by ∆T̂− Tc/2 and one local sequence delayed by ∆T̂ + Tc/2,
where Tc is the length of 1 chip. The resulting correlation functions are subtracted
from each other, resulting in a correlator output signal of zero in case of ∆T = ∆T̂.
Thus, the residual, non-zero signal can easily be used for steering ∆T̂. A very sim-
plified diagram and the outcoming correlation can be seen in Fig. 2.6.

As mentioned above, different PRN sequences enable the use of several signals
within the same frequency band. In order to further avoid cross-correlation with
other signals, a small frequency offset of several kilohertz is introduced during the
modulation, individually in size for each signal, so that the spectrum of the modu-
lated signal is shifted insignificantly from the center of 70 MHz.

Apart from the modem, a basic TWSTFT station consists of a Very Small Aperture
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FIGURE 2.6: Simplified depiction of a delay-locked loop with an
early-late correlator. (a) shows the signal paths, (b) the output signals
at certain steps. The incoming signal is split and mixed in a correlator
with the same PRN sequence, the upper path with the sequence de-
layed by ∆T̂− Tc/2 (in blue), the lower with the sequence delayed by
∆T̂ + Tc/2 (in red). Here, Tc is the chip length and ∆T̂ is an estimated
delay that is steered by the feedback signal to the actual delay of the
incoming signal. The output of both correlators are autocorrelation
functions (ACFs), shown in (b), each delayed in time by half a chip
length. The difference of the signals, i.e. of the ACFs, is formed. The
residual signal at t− ∆T̂ = 0 is given as feedback signal to the PRN
code sequence generator to steer ∆T̂ in a way the residual signal is
zero, which is the case if ∆T̂ corresponds to the actual delay of the

incoming signal. From that, a 1PPS-signal is generated.

Terminal (VSAT) antenna, located either on an elevated or an open-field position,
an upconverter (UC) and a Solid-State Power Amplifier (SSPA) on the TX site of the
signal path between the modem and the antenna, and a low noise amplifier (LNA)
and a downconverter (DC) on the RX site.

The antenna is a parabolic antenna with diameters usually between 1.8 and 2.4 m. A
precise orientation of the antenna towards the satellite is necessary. This is realized
by maximizing the reception power of the beacon signal transmitted by the satellite.
Additionally, it is common for TWSTFT in the Ku frequency band to use linearly
polarized signals, which requires a careful adjustment of the polarization filter at the
feed system. The signal sent to the satellite is polarized in the respective orthogonal
direction to the one received from the satellite, so the latter can easily be coupled out
of the transmitting signal path. The LNA is directly attached at the antenna, so that
the received signal is amplified before fed into a cable connected to the DC. The LNA
is thus always part of the outdoor equipment and the delay between the reception
in the antenna and the amplification is as short as possible.

For the converters and the SSPA there are several possible setups, which reflects a
compromise between two major constraints: The first one is the fact that the upcon-
verted signal in the Ku band experiences high power losses even on a short distance
of cable compared to the signal in the VHF range, making long distances between
the ensemble of converters and SSPA on one hand and the antenna on the other unfa-
vorable. The second one are the environmental influences that affect the equipment
when located outdoors close to the antenna.
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FIGURE 2.7: The roof station at INRIM (Istituto Nazionale di RIcerca
Metrologica, Torino, Italy), with a transceiver attached to the antenna
which comprises an amplifier for the outgoing signal and up- and

downconverter. By courtesy of INRIM.

One possibility is the use of a transceiver which combines SSPA, UC, and DC. It is
usually directly attached to the antenna, thus a dedicated outdoor device, minimiz-
ing the signal path between the upconversion and the amplification and the trans-
mitting unit of the antenna. Such a roof station setup can be seen in Fig. 2.7. When
using single devices instead, the equipment can be installed in a sheltered environ-
ment on the roof or in a room close to the roof, still providing signal paths within
cables up to only few meters. A study on the differences between these possible
setups was carried out [114].

The satellite is a geostationary satellite, owned by companies offering broadcasting
and other telecommunication services. These satellites are located above the equa-
tor. The stations participating need to be located within the broadcasting footprint of
the satellite used. For TWSTFT measurements, a certain frequency bandwidth on a
transponder is leased. The footprint of Telstar 11N, which is currently used for oper-
ational TWSTFT measurements within Europe and between Europe and the USA, is
shown in Fig. 2.8. Since the sending directions of Europe and America differ signifi-
cantly, the TWSTFT measurements for comparing time scales within Europe and the
ones comparing time scales intercontinentally require two different transponders.

Non-reciprocal delays on the signal path and other sources of disturbance

One source of non-reciprocities in the signal paths between the up- and downlink
paths of the stations is the propagation through the atmosphere, caused by the dif-
ference in up- and downlink frequency. The impact on the measurement depends
on the overall path length through the atmosphere and thus on the elevation angle
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FIGURE 2.8: Footprint of Telstar 11N. The different regions, mostly
located on the northern hemisphere, are covered by using different
antennas on the satellite. Image taken from www.telesat.com [115].

of the satellite. Influences of the troposphere and influences of the ionosphere are
considered separately because of their different impact on signals traveling with dif-
ferent frequencies through them.
The propagation through the ionosphere shows a strong dependence on the fre-
quency due to its ionized particle composition. The recommendation of the Inter-
national Telecommunication Union (ITU) for operational TWSTFT measurements
provides a formula with the delay difference for up- and downlink showing a lin-
ear dependence on the Total Electron Content (TEC) [116]. Estimating the order of
magnitude of the ionospheric delay difference for these operational TWSTFT mea-
surements by using maximum TEC values and frequencies typically used for up-
and downlink resulted in values of a few hundreds of picoseconds, a value lower
by a factor of 3 or more than typical calibration uncertainties for TWSTFT links [117,
118]. Hence, corrections are not calculated for most operational TWSTFT links, es-
pecially within Europe.
The dispersion in the troposphere depends on pressure, humidity and temperature.
A study investigating this relation and other effects has been carried out for a TW-
STFT link between the National Institute of Information and Communications Tech-
nology (NICT, Japan) and PTB in order to estimate the order of magnitude of at-
mospheric delay differences [118]. As a conclusion, the tropospheric influence was
found to be small enough to be neglected for operational TWSTFT measurements,
even on long-baseline links with small elevation angles of the satellite.

Non-reciprocity also originates from one geometric and one relativistic effect. The
Sagnac effect, which is the relativistic effect, is caused by the rotation of the reference
system of ground stations and satellite. The influence of the Sagnac effect can be cal-
culated as constant offset by using the ground stations’ coordinates and the position
parameters of the satellite. However, a residual satellite motion within this refer-
ence system, originating mostly from the gravitation of Earth, Sun and Moon, leads
to a periodic change of the Sagnac offset. Depending on the location of the satellite
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and the ground stations, the Sagnac offset can accumulate to several hundreds of
nanoseconds, with a diurnal variation of a few hundreds of picoseconds [118, 119].
This residual motion also causes the geometric effect, called path delay difference. If
the signals from the stations arrive at different times at the satellite, the distance be-
tween the satellite and the ground station is not the same for the uplink signal as for
the downlink signal, since the satellite moved in the meantime. The peak-to-peak
variation can cover up to a few tens of picoseconds, depending on how much time
passes between the arrival of signals at the satellite [117].

Additional errors can occur due to disturbances changing delays in the ground sta-
tions that are considered to be constant, e.g. temperature. This concerns conditions
in the laboratories as well as the sensitivity of the roof station equipment to environ-
mental effects [117]. Usually, these impacts are estimated for temperature by using
typical values of temperature coefficients of the equipment used and typical values
of temperature changes (laboratories are temperature-controlled areas with only a
1...3 K in peak-to-peak difference), and then considered as contributions to the sys-
tematic uncertainty (uB) for the calibration. Temperature-induced contributions to
uB are usually between a few tens up to a few hundreds of picoseconds.

Also, the introduction or removal of additional delays in the setup, e.g. cables, split-
ters or connectors with known delays, or their exchange, can cause changes in the
overall measurement that are larger than the actual delay value. First, the addi-
tional measurement of any delay can be only carried out with a finite uncertainty,
and thus, it introduces a new source of error. The uncertainty of an absolute, i.e.
non-differential, delay measurement of a standard TIC is considered to be 0.5 ns,
which corresponds to the uncertainty the manufacturer claims for one of the com-
monly used TICs within the field, a Stanford SR620 [120]. Second, reflections of the
signal can occur at points of impedance mismatch within the path. These can be con-
nections between cables or impurities within the cables. The signal then interferes
with its reflection, which can lead to a different delay measurement at the correlator
within the modem [121, 122]. This is called multipath effect. By changing the phys-
ical signal path, the multipath effect changes. Also, a temperature-induced change
of the delay in the same cable can lead to different multipath-induced erroneous re-
sults. This is currently not considered in the operational TWSTFT, although this can
lead to measurement changes up to several nanoseconds in a worst-case scenario,
depending on the chip rate, the overall delay length of the cables and the correlator
used [122].

The instability of TWSTFT

The measurement noise in TWSTFT depends on both the operational parameters
and the hardware. The noise process visible with the modified Allan Deviation
shows white phase noise for averaging times up to a few minutes, and flicker phase
noise as dominant noise type for longer averaging times. The short-term instability
is inversely proportional to the chip rate, and furthermore depends on the carrier-to-
noise density ratio (C/N0) in the RX module. At C/N0 = 55 dBHz, which is typically
observed during the TWSTFT measurements for UTC(k) comparisons, the expected
1PPS jitter of the received signal is about 500 ps at 2.5 Mchip/s, or about 1.3 ns at
1.0 Mchip/s [47]. Simultaneous transmissions by other stations with different PRN
codes appear as increased noise for the measurement, which reduces C/N0 and thus
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FIGURE 2.9: The modified Allan Deviation of a HM comparison
between PTB and METAS (Eidgenössisches Institut für Metrolo-
gie, Bern, Switzerland), carried out with TWSTFT at a chip rate of
2.5 Mchip/s. Since TWSTFT measurements via the satellite transpon-
der used for inner-European TWSTFT measurements are carried out
on a schedule in sessions every 2 h, this τ resembles τ0 for most
TWSTFT measurement depictions in terms of the Allan Deviation or
other related deviations. The data, as published in [47], was provided

by D. Piester.

increases the instability. Transmitting the signal with increased power could com-
pensate for this, increasing C/N0 for that specific link, but this would consequently
also increase the noise on other links, and operating power levels require careful
control and optimization. The instability at 1 s and the noise characteristics at longer
averaging times lead to frequency transfer instabilities of around 1× 10−15 for an
averaging time of 1 d when operated at 1 Mchip/s. However, the effects discussed
above can impact the long-term instability. Most prominent are diurnal oscillations,
due to temperature, but also of unknown origin [113, 123–125]. The modified Allan
Deviation of a TWSTFT measurement carried out at a chip rate of 2.5 Mchip/s can
be seen in Fig. 2.9. There, the hydrogen masers between PTB and METAS (Eidgenös-
sisches Institut für Metrologie, Bern, Switzerland) were compared. An instability of
about 2× 10−15 could be reached for 1 d averaging time, and for larger averaging
times, an instability below 1× 10−15 can be reached. The figure is recreated after a
figure in [47], with the data being provided by D. Piester.

2.3.2 Frequency transfer using Two-Way Carrier Phase

The Two-Way Carrier Phase (TWCP) technique is based on the operational TWSTFT
and was developed for frequency transfer with the aim of reducing the instability
compared to the use of coded signals [126]. The main idea is to profit from the
steeper slopes of the carrier waveform with respect to modulation envelopes. This
comes at the expense of an ambiguity at the level of the carrier wavelength, which
must be resolved by additional means. To use the phase information to determine
the frequency offset d f between the reference clocks of two ground stations, three
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additional unknown quantities must be determined: the first-order Doppler coeffi-
cients for both links from the stations to the satellite, and the frequency of the local
oscillator of the satellite transponder [127]. The four required quantities can be ob-
tained by four measurements (measuring the two-way signal of the remote station
and the ranging signal of the local station on both sites), resulting in an equation set
with four equations, which can only be solved in a numerical way or by simplifying
it with some assumptions [128].

As this technique was originally developed as an extension to the TWSTFT already
in use, the measurements can be carried out with the same equipment (including the
SATRE modem) without requiring additional hardware. This way, first test experi-
ments over zero and short baselines were performed (PTB vs. DLR (Deutsches Zen-
trum für Luft- und Raumfahrt, Oberpfaffenhofen, Germany); USNO (United States
Naval Observatory, Washington DC, USA) vs. NIST (National Institute of Standards
and Technology, Boulder, USA)) [126, 129]. They show a low short-term instability
(2× 10−12 at τ = 1 s), but display a mixture of flicker phase, white frequency and
flicker frequency noise for longer averaging times. Ground station equipment, ref-
erence clocks and measurement time limited the stability of the tests. Other tests
between collocated stations or over a long baseline (PTB – USNO) show slight im-
provements with respect to both the short-term instability (at a few seconds) and
the noise behavior over longer averaging times, but show oscillations at 1000 s or
more of unknown origin [127]. Another TWCP measurement carried out with the
SATRE modems was performed in 2011 by LNE-SYRTE between two collocated sta-
tions [130]. Here, a lower instability was achieved, although it was still higher than
that of a simultaneous measurement carried out with GPS, and the oscillations were
still observed. Even very short interruptions of the measurement, such as single
missing data values, destroy the phase coherence. So the length of a continuous
measurement interval remains a limiting factor for the stability.
NICT developed a setup independent from the SATRE technique and performed
two campaigns within Japan, a common clock setup and an experiment over a short
baseline of 150 km. Another campaign over a very long baseline to PTB for an op-
tical clock frequency comparison was carried out by NICT [128, 131]. This short
baseline experiment was clearly limited by the hydrogen maser used, but the dou-
ble difference of GPS and TWCP showed that an instability lower than 1 × 10−15

was surely reached. For the measurement with PTB, the influence of the atmosphere
could be investigated and an ionospheric correction was calculated. The instability
here reached 5× 10−16 at τ = 1 d in the GPS – TWCP double difference.

The advantages of this technique are the lower short-term instability in comparison
to code-based TWSTFT and that it requires only a small frequency band on the satel-
lite transponder. However, due to unexplored effects and the need for a practically
uninterrupted measurement, it has only been used on an experimental basis so far.

2.3.3 Time and frequency transfer via GNSS satellites

In contrast to TWSTFT, time and frequency transfer using GNSS satellites is a one-
way transfer technique. Both remote stations, comprising of an antenna, an antenna
cable and a GNSS receiver referenced to the local time scale, receive the signal of
a satellite and can perform a time-of-flight measurement for the signal traveling be-
tween the satellite and the station, which is called pseudo-range. The idea is that due
to the known coordinates of the station and of the satellite, the difference between
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the local time and the satellite time is left over as measured result at each station, and
when making a comparison, the two measurements of the stations are subtracted so
the satellite time cancels out. Having the satellite time cancel out this way is only
possible when the satellite is seen by both stations at the same time, which is called
common view technique. Using additional information about the clocks of the sin-
gle satellites compared to the system time of the GNSS in question allows the use of
all satellites in view and to carry out comparisons even if no satellite is seen by both
stations at the same time [132]. This is called all-in-view.

It is most common to use GPS satellites, and GPS was also used in parallel to the
TWSTFT measurements in this work, so the descriptions and specifications will be
given for GPS only.

For what concerns this work, GPS satellites emit modulated signals on two carrier
frequencies: L1 (1.57542 GHz) and L2 (1.2276 GHz). L1 is modulated with the C/A-
code (Coarse/Acquisition), a civilian code (L1C) and the P-code (Precision), whereas
L2 is only modulated with the P-code, and in newer generations of satellites with
a civilian code L2C. Since it is a one-way technique, environmental disturbances on
the signal path like the dispersion within the ionosphere do not cancel out. However,
by linearly combining both P-code measurements of the different frequencies, the
dispersion of the ionosphere can be averaged out down to a few tens of picoseconds.
This is the so-called ionosphere-free solution, or P3 solution, which has been used
after the P-code modulation became accessible for common use [133].

Another approach is to take the measurement of the Carrier Phase (CP) into ac-
count, which, similar to TWCP, improves the short-term stability significantly [43,
44, 134], but it cannot be used independently for time transfer due to the phase am-
biguity [135]. Thus, it needs a calibration, either by using an additional method of
time transfer in parallel like TWSTFT or by using the code measurement.

One technique that combines both CP and code measurements is the PPP tech-
nique [43, 44, 136, 137]. It is an all-in-view technique, and it allows to calculate the
time difference between the local receiver time of one single station and the system
time of the International GNSS Service (IGS), the IGS time. In addition, it calculates
the antenna position of the station with high accuracy. However, precise informa-
tion of both satellite clocks and orbits are necessary, which are available as IGS prod-
ucts for post-processing. The CP measurement enables a low short-term instability
compared to GPS time transfer based on code measurements (up to two orders of
magnitude at averaging times of τ = 1000 s). However, the code measurements im-
pact the long-term instability of PPP. PPP data are calculated in batches, and for each
batch the code is used to estimate the phase ambiguity. Due to the instability of the
code, boundary discontinuities occur between consecutive batches. They are of the
order of a few tens or hundreds of picoseconds up to several nanoseconds for daily
batches, which is the standard processing length of a batch [138]. Analyses show
that the code noise is non-white and thus does not average out for longer batches,
but instead can increase over time [139]. They are partly caused by systematics of
station hardware, similar to the ones discussed for TWSTFT, like temperature sensi-
tivity, multipath effect in cables, splitters and filters. For GPS, multipath at antenna
level, i.e. the reception of signals reflected by the environment before reaching the
antenna, plays a larger role due to the omnidirectional antennas used, but is not
systematically investigated yet. Although this is a limiting factor for PPP time trans-
fer, the technique can reach instabilities in the low range of 10−15 [44, 140] or even
below [45].
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In the past few years an enhancement of GPS PPP was developed, IPPP [46, 141,
142]. This technique resolves the phase ambiguity with integers of the wavelength
of the signal, which allows for batch processing without boundary phase jumps.
Furthermore, since errors concerning the ambiguity resolution in PPP occur typi-
cally between the passings of the single satellites, i.e. at a few hours averaging time,
IPPP provides a better stability from this averaging time on than classical PPP. Com-
mon clock experiments and comparison with other techniques have revealed that
IPPP can reach instabilities below 1× 10−16 for about 10 d averaging times [143].

2.3.4 Other methods of comparison

Transportable atomic clocks

The transport of frequency standards was never carried out for regular comparisons
contributing to TAI/UTC, however, it can be used to compare time scales or single
clocks in laboratories with a better short term stability than what the state-of-the-art
techniques for remote comparisons could provide, or to overcome parts of the dis-
tances where no sufficient techniques are available.
For time comparisons, the clock needs to be in operation during the transport. Com-
mercial Cs clocks were used in the past for time transfer as a complement technique
to GPS time transfer to calibrate TWSTFT links [144], or can be used to synchronize
remote stations [145]. Depending on the accuracy requirement, the effects of General
Relativity should be considered by following the trajectory of the traveling standard
between the visited sites.
For frequency comparisons, the clock only needs to be operated at the different sites.
Within Europe, the transportable fountain clock of LNE-SYRTE was used to per-
form absolute frequency measurements of various optical or microwave frequency
standards, e.g. a hydrogen frequency transition at MPQ (Max Planck Institut für
Quantenoptik, Garching, Germany), and a calcium ion transition at the University
of Innsbruck in Austria [80, 146]. Several transportable optical frequency standards
were developed in the past years or are currently under construction [33–35, 147–
149]. Recently, a transportable optical clock by PTB was used to measure the gravity
potential difference between two different sites [150]. However, this technique is al-
ways extensive in work for organization, and the operation of a transportable clock
is hindered by technical compromises. In addition, the comparisons of the fixed,
remote time scales or clocks never take place simultaneously.

Optical fibers

Frequency transfer via optical fibers can achieve short-term instabilities of 1× 10−14

and lower and long-term instabilities below 1× 10−20. It is thus suited for compar-
ing highly accurate and stable frequency standards as optical clocks [39, 151, 152].
However, the main limitation is the availability of the fiber itself and the need for
additional infrastructure. Up to now, fiber link distances of up to 1800 km have been
used [152].

The frequency instability scales with the 3/2 power of the fiber length [153] and is
limited by various effects, like power loss, phase noise or signal distortion. For coun-
teracting the attenuation, different amplification techniques have been developed
and improved [37, 39], and the noise can be compensated by active and passive fiber
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stabilization. Here, the bandwidth of the active noise cancellation is limited by the
propagation time in the fiber loop. The transient loss (so-called cycle slips) is the
main limitation for continuous measurement time and therefore reduces the stabil-
ity at the respective averaging times. Several days of cycle-slip-free operation have
been demonstrated [39].

Three approaches depending on the application are used for frequency transfer via
optical fibers: using only the optical carrier as the transfer signal, modulating a radio
frequency (rf) signal onto an optical carrier, and transmitting the full span from mi-
crowave signals to optical signals by using a frequency comb [154]. The transfer of
an optical carrier (cw) is most suitable for the purpose of frequency comparison, as
there is no noise contribution from modulation and demodulation, and polarization-
mode-dispersion as well as chromatic dispersion can be neglected. Instabilities of
lower than 1× 10−20 can be achieved at averaging times of several days over long
distances (∼ 1400 km), making this technique the only one capable of comparing re-
mote optical frequency standards at the level of their estimated uncertainty [39, 152].
Currently, more and more fiber links are being established within several European,
American and Asian countries, but also across borders [40, 41, 155–157].

Fiber links can also be used for time transfer, but the requirements and thus the
elements of the infrastructure used are partly different. For a comparison of two
frequency standards or time scales, two-way time transfer is used, so both sites send
a modulated rf signal simultaneously through one fiber, and the time of arrival is
measured at both sites with respect to the starting time when the signal was sent.
This is sometimes called TTTOF (Time Transfer Through Optical Fibers), or TWOTT
(Two-Way Optical Fiber Time Transfer) [158–160]. In an additional step, active stabi-
lization can be implemented. This technique is often used to realize a time scale at a
remote position, i.e. to synchronize time scales. The data of the comparison between
two UTC(k) realizations in Poland is collected by the BIPM [160]. Many laborato-
ries analyzed the possible stabilities and accuracies both within the laboratory and
over baselines up to several hundreds of kilometers. Depending on the lengths and
the equipment used, values of a few hundreds of picoseconds down to sub-ps were
reported for the time instability at 1 s [159, 161–166].
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Chapter 3

Setup and preparation of the
broadband TWSTFT clock
comparisons

The main goal of this work is to carry out remote frequency comparisons of opti-
cal frequency standards located at INRIM, LNE-SYRTE, NPL and PTB via TWSTFT.
This kind of comparison requires, in addition to the satellite link equipment and the
optical frequency standards, a connection between both elements: A continuously
running oscillator, serving on one hand as reference for the TWSTFT ground stations
and, on the other hand, the optical clocks can be measured locally against this oscilla-
tor. In the ideal case, i.e. all measurements are carried out without interruptions, the
fluctuations of the oscillator cancel out. Since the operation of optical clocks is less
stable than, for example, the operation of cesium fountains, interruptions occur more
frequently. In that case, the oscillator can be used as a so-called flywheel, bridging
possible gaps in data [167]. Therefore, low instabilities, especially for shorter aver-
aging times, are desirable.
In this experiment, hydrogen masers take this role. They run without interruption,
and their frequency instability is in the low range of 10−13 at 1 s averaging time.
White and flicker phase noise are the dominating noise process for averaging times
up to 100 or 1000 s, and at 1 d instabilities around 1× 10−15 or below can be achieved.
The optical frequency regime of an optical frequency standard needs to be trans-
ferred into the microwave frequency regime of the hydrogen maser, which is done
with an optical frequency comb.
In addition, direct comparisons of the fountains located at the four institutes were
implemented into the planning of the campaign. In contrast to the optical clocks, the
fountains are working at frequencies in the microwave range and can be measured
against a hydrogen maser without a frequency comb. Furthermore, a comparison
with GPS PPP in parallel to TWSTFT was planned, so dedicated GNSS receivers at
each laboratory should be used and have the same HM as the TWSTFT equipment
as reference.
From that, the basic setup is deduced. It is depicted in Fig. 3.1.

While tests with chip rates up to 5 Mchip/s were already carried out before [47], a
TWSTFT measurement with a chip rate of 20 Mchip/s was never realized before.
This means that several components of the setup had never been operating under
these conditions, and the expected instability for both short and long averaging
times had never been in a range where the influence of effects canceling the reci-
procity and technical aspects like temperature sensitivity become crucial. On the
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FIGURE 3.1: Setup principle for the comparison of optical and foun-
tain clocks via satellite.

other hand, the high chip rate requires the availability of a high bandwidth on the
satellite transponder, and thus the time of operation is limited to a fixed interval of
a few weeks because of the costs of such a high bandwidth.
Considering this, a careful investigation of the SATRE modem as the key component
of each station needs to be carried out beforehand, including the optimization of set-
tings like PRN sequences and frequency offsets and an analysis of environmental
sensitivity. The roof station design is re-evaluated.
In addition, the high frequency accuracy that is targeted defines requirements for
the satellite chosen for this experiment.

Another challenge is the coordination between the institutes. A general unification
of the laboratory setup is desirable, including common equipment software and out-
put format. Also, with only a limited number of RX channels available, switching
between the links is necessary, requiring a schedule.

3.1 SATRE Modem measurements at high chip rates

As mentioned before, the SATRE modems are commercially available products. All
institutes involved in the experiment use one or two modems for the TWSTFT op-
erations within the framework of their contributions to TAI/UTC and the UTC(k)
time scale comparisons, and have at least one modem as spare equipment available.
Thus, when carrying out test measurements with selected SATRE modems at one
institute, this allows to a certain extend the deduction of the general behavior of the
SATRE modems used at all institutes for the optical clock comparison. The modem
investigations were carried out at PTB with three different available SATRE modems
with serial numbers 76, 410 and 427 (hereafter short "S76", "S410" and "S427"), and
two, three and one RX channels, respectively.
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3.1.1 Instabilities at different chip rates

In a first step, the relation between the timing jitter of the measurement (short-term
instability) and the carrier-to-noise-density ratio (C/N0) was analysed in order to
confirm the expected improvement with respect to the noise with increasing chip
rate. It follows the equation [168]:

σ =

√
BDLL

2C/N0
R−1

chip + σ0 (3.1)

Here, σ is the timing jitter of the measurement in one modem, BDLL the bandwidth of
the delay-locked loop, which is the same for all SATRE modems, Rchip the chip rate
and σ0 the internal noise floor of the modem [111]. So σ was determined at different
carrier-to-noise-density ratios and at different chip rates.

FIGURE 3.2: Setup for the determination of timing jitter vs. signal-to-
noise ratio

The setup is shown in Fig. 3.2. The core is a simple "loop-back" experiment, i.e. the
transmitted signal (TX output) of a modem is directly fed back into the RX channel
via a short cable. The data output of a modem in general that corresponds to ∆T in
Chapter 2.3.1 (∆T1 or ∆T2), is a phase time series x(t) and will be called "raw range"
hereafter. Since only one modem is involved in a loop-back experiment, this is taken
as measurand. In this setup, white phase noise is simulated by using a noise genera-
tor and mixing its output via a power combiner with the output of the modem, and
thus creating white phase noise on the signal. This type of noise is always present
during real measurements: Since the signal needs to be amplified various times to
compensate the power loss occurring mainly on the path between station and satel-
lite, the background noise is increased. The noise generator provides an adjustment
of the injected noise power. A power splitter enables the direct monitoring of the
input signal with a spectrum analyser (SA). With this constellation, the carrier-to-
noise-density-ratio measurement can be carried out internally in the modem and
independently by the SA.
In the loop, the carrier power is attenuated such that it is always≈−55 dBm as mea-
sured by the modem. The carrier-to-noise-density ratio (C/N0) is thus adjusted by
manually varying the added noise power. For each C/N0, the modulation of the sig-
nal is switched off at first in order to observe the power of the unmodulated carrier
with respect to the noise background on the SA. Then, the modulation was switched
on again and a modem schedule is started which automatically cycles through the
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FIGURE 3.3: Dependence of raw range jitter of signal-to-noise-density
ratio for different chip rates. The diamonds and the circles show the
measurement results, with the filled diamonds marking the results
based on the C/N0 from the SA, and the open circles based on C/N0
of the modem display. The lines show the fit based on Eq. 3.1, carried
out with the C/N0 of the SA. Since one fit was carried out for all chip
rates, the agreement between fit and data better for some chip rates

than for others.

TABLE 3.1: Fit parameter for the results of RX 1, RX 2, and the mean
values of both channels.

Channel BDLL in Hz σ0 in ps

RX 1 0.409 2.63
RX 2 0.430 2.08
Mean of RX 1 and RX 2 0.419 2.36

different chip rates and measures the timing data. The timing jitter is then deter-
mined from respectively 600 raw range data values measured by the modem. For
a better reproducibility, the measurement was repeated several times and a mean
value for this jitter was formed. Also, the measurement was carried out with both
RX channels.

In Fig. 3.3 the results are shown. The diamonds and the circles show the measure-
ment results, with the filled diamonds marking the results based on the C/N0 from
the SA, and the open circles based on C/N0 of the modem display. These results are
a mean value of both channels. In addition, a fit according to Eq. 3.1 was performed
over the data, based on the results with the C/N0 measured with the SA. It is shown
as line. The fit was carried out as one single fit for all chip rates simultaneously, i.e.
σ in Eq. 3.1 is fitted as a function σ(C/N0, Rchip) with the fit parameters BDLL and
σ0. These are listed in Table 3.1, both for the channel mean results and the single
channels.

As a conclusion, it is found that the overall behavior can be described with Eq. 3.1:
The short-term instability scales linearly inversely with the chip rate used. The
signal-to-noise density ratio usually observed during the operational TWSTFT mea-
surements is 55 dBHz. Assuming a similar value for the planned experiment with
20 Mchip/s, a 1 s timing jitter of approx. 40 ps can be expected, which corresponds
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to a relative short-term instability of about 7 × 10−11 (Allan Deviation at 1 s aver-
aging time). The assumption of pure flicker phase noise as dominating process
for all averaging times results in a relative frequency instability of 7 × 10−16 for
100, 000 s averaging time. Taking into account white phase noise for averaging times
up to 100 s and choosing a corresponding averaging process, even lower instabilities
(< 5× 10−16) can be expected for an averaging time of τ = 1 d. This is consistent
with a previous measurement carried out with 2.5 Mchip/s, where fountain clocks
were compared over long baselines (both within Europe and between Europe and
the US) with both TWSTFT and GPS [49]. There, the timing jitter at τ = 1 s is between
0.2 and 0.4 ns, and a relative frequency instability between 1× 10−15 and 1.5× 10−15

could be observed for 1 d averaging time.

The channels were also investigated separately in order to cross-check how much
the channels of one modem deviate from each other. Both channel results differ
insignificantly by approx. 7 % on average, with RX2 having a little higher jitter for
almost all measurements. Only for high chip rates and high carrier-to-noise-density
ratios, RX2 shows a lower jitter. The difference between both channels was observed
to be the highest for a chip rate of 2.5 Mchip/s with approx. 15 %. However, this can
still be considered as insignificant and the overall behavior and order of magnitude
is the same for both channels.

3.1.2 Long-term instability

For analyzing the long-term stability at 20 Mchip/s, several measurements were
carried out. At first, a simple loop-back experiment was performed for all three
modems (see Fig. 3.4 (a)), running for approx. 12 d. The modems were operated
with similar settings: a chip rate of 20 Mchip/s, a frequency offset to 70 MHz of
17 Hz and a TX output power adapted to an RX input power of approx. −55 dBm.
Without any additional noise, this results in a high C/N0, larger than 69 dBHz, and a
respective short-term instability. Some of the phase measurements (raw range) and
the modified Allan Deviations are shown in Fig. 3.5.

FIGURE 3.4: Setups for instability measurements. (a) shows the loop-
back setup, with the TX signal output directly fed back to the RX in-
put of the same modem. (b) shows the two-way setup via separate
cables. For analyzing the instability, accuracy for time transfer is not
needed, and thus it is not necessary to use one single cable or cables

of the same length.

At this point, a general remark about data representation over time in this work shall
be given. Since the use of the Gregorian calender date with days, months and years is
mostly inconvenient for the mathematical purpose of having a continuous time axis,
it is common in the time and frequency metrology field to use the Modified Julian
Date (MJD). It represents a continuous scalar on an interval of 1 d. The fourteen days
of measurement in Fig. 3.5, starting at MJD 56769, correspond to the period between
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FIGURE 3.5: Results of loop-back measurements of three modems
with an overall number of six RX channels. All measurements were
running approx. 12 d. The settings were the same for each channel
apart from the TX output power, which was adapted in a way the
receiving power of the channels is around −55 dBm. Without addi-
tional noise, this corresponds to a large signal-to-noise ratio of more
than 69 dBHz. In (a) and (b), the phase measurements (raw range)
of two example RX channels are shown (with an arbitrary offset sub-
tracted). The RX channel of S76 shows a diurnal-like oscillation dur-
ing most of the measurement. The resolution of the measurement in
the modem, 5 ps, can be seen. In (c), the modified Allan Deviations
of all channels are shown. Phase noise is dominant up to averag-
ing times of 500 s, whereas the long-term instability is dominated by
fluctuations and drifts. The modified Allan Deviations show relative
frequency instabilities smaller than 5× 10−17 for averaging times of

1× 105 s.
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the 22nd of April and the 6th of May of 2014. Tools for conversion can be found on
the web, for example in [169].

From the example phase measurements depicted in (a) and (b), it can be seen that
both follow roughly the same trend, maybe caused by an environmental influence
on the cable. In addition, both show a quantization of 5 ps, which is the measure-
ment resolution by the SATRE modem. The RX channel of S76 features a diurnal-
like oscillation during most of the measurement. This can also be seen in the mod-
ified Allan Deviations of both RX channels of S76, both are dominated by a bump
at around 30, 000 s averaging time. For averaging times up to 500 s, all six channels
of the three modems show white phase noise. The instability at 1s corresponds to a
measurement with 20Mchip/s at approx. 75 dBHz, according to the results found in
Section 3.1.1, which is consistent. Not only the two channels of S76 show common
behavior at averaging times larger than 500 s, but also RX1 and RX2 of S410. A bump
at approx. 15, 000 s indicates an oscillation with a period of several hours, which is
not evident from the raw range graph. The third channel of S410, however, shows
a different behavior and is more similar to S427. Both show a rather smooth aver-
aging behavior of white frequency noise, i.e. without any dominant oscillation-like
structure. A general difference in S410 between RX1 and RX2 on one hand, and RX3
on the other hand, can be explained by the setup of the modem. The first two RX
channels share one input, whereas RX3 is connected to the monitoring output of the
first two RX channels. However, this alone cannot explain the presence of the oscilla-
tion on the first two, and the absence on RX3. But, even with non-white phase noise
at longer averaging times, the relative frequency instability reaches values smaller
than 5× 10−17 for averaging times of 1× 105 s.

In addition to the loop-back experiment, two modems were connected with each
other with separated cables, and thus separated and not necessarily reciprocal sig-
nal paths between the modems. In addition, non-correlated white noise of two dif-
ferent noise generators was added to the particular signal paths (see Fig. 3.6). The
additional noise simulates the C/N0 of 55 dBHz which is expected for the upcoming
measurement campaign.

The results are shown in Fig. 3.7. In (a), the phase measurements of the modems (S76
and S410, RX1 respectively) can be seen. Due to the additional noise, the measure-
ment resolution is not visible anymore in the phase measurements. Again, a weak
diurnal oscillation can be observed. Interestingly, both this oscillation and the trend
at the beginning of the measurement period appear inverted on both modems. The
modified Allan Deviations in (b) show both the same characteristics, but also strong
similarities with the instability discussed above for both channels of S76. White
phase noise dominates up to 500 s, followed by a short period of flicker phase noise,
and above 10, 000 s, the instability of both channels are dominated by the diurnal
oscillation. Due to the injected noise, the modified Allan Deviation here is increased
for all averaging times by approximately one order of magnitude with respect to the
case without any noise. The value at 1 s is consistent with the 1-s-jitter at 55dBHz.
It is interesting to note that the same averaging behavior can be achieved with a
higher C/N0, and that even what is considered to be caused by the environmen-
tal influences like the diurnal oscillation scales qualitatively in the same way as the
short-term instability. With this C/N0, an instability of approx. 1 × 10−16 can be
reached.
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FIGURE 3.6: Setup for a measurement with two modems connected
with non-correlated white noise on both signals. With this, a C/N0 of
55 dBHz is generated. The modems S76 and S410 were used for this

experiment.

3.1.3 Sources of disturbances and irregularities

As in the previous section already pointed out, some effects can be observed that
lead to a deviation from the expected flicker phase noise behavior at averaging times
longer than 1000 or 10, 000 s, thus deteriorate the stability. Some of these effects cause
oscillations of the measured phase, but not all oscillations that are observed have the
same period. This section discusses some of the sources leading to such behavior.

Temperature sensitivity

At first a possible correlation between the temperature of the laboratory and the
measurements of the modem was analyzed. For that, the modems were set up in
loop-back measurements (see Fig. 3.4 above) at different locations, where tempera-
ture sensors were installed to monitor the temperature of the laboratory. The results
can be seen in Figs. 3.8 and 3.9.

From the first figure (3.8) it can be seen that a correlation between the temperature of
the laboratory and the modem raw range exists. The modem was operated without
any change in settings or other interruptions. From MJD 56733 onwards, both the
temperature and the raw range measurement show a diurnal oscillation. The diurnal
temperature oscillation of less than 0.5 K from peak-to-peak caused an oscillation
with an amplitude of about 5 ps. The two days of stable temperature before the
observation of diurnal oscillation can be attributed to weekend days without any
manual operations in the laboratory.

A second modem was installed in a laboratory with active climatization. The set-
tings of the air conditioning system caused a temperature fluctuation with peak-to-
peak differences of about 1.8 K and a period of approx. 1 h 45 min (see Fig. 3.9). The
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FIGURE 3.7: The result of a long-term measurement in a setup de-
picted in Fig. 3.6. On the left, the phase measurement can be seen,
with arbitrary offsets subtracted for better visibility. On the right, the

modified Allan Deviations are displayed.

raw range of the modem shows again a correlation with these fluctuations, with an
amplitude of approx. 15 ps, but the opposite sign.
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FIGURE 3.8: Result of a loop-back measurement of S76, with the
modem located in one of the standard laboratories for time transfer
equipment. The black curve shows the raw range, the red curve a
moving average of the raw range with an averaging window of 5 min.
The curve in blue depicts the temperature in the laboratory. Both the
temperature and the raw range show a clear diurnal oscillation from
MJD 56733 onwards, whereas both do not show any significant struc-
ture the two days before, which shows that both are correlated. The
temperature rise is absent for the first two days since these days are a
saturday and a sunday, and no manual operation was taking place in

the laboratory.

To further analyze the sensitivity and to estimate a temperature coefficient of the
equipment, another measurement was prepared: S76 and S410 were connected via
two separate short cables in one laboratory where a part of the room could be iso-
lated with a curtain-like partition wall. The temperature could be set via a program
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FIGURE 3.9: Result of a loop-back measurement of S427, with the
modem located in a laboratory with active climatization. The black
curve shows the raw range, the red curve a moving average of the
raw range with an averaging window of 5 min. The curve in blue
depicts the temperature in the laboratory. A correlation between raw
range and temperature can be observed, with an opposite sign. The
oscillation in temperature is caused by the control period of the clima-
tization system of the laboratory. In addition to this short-term oscil-
lation, a weak diurnal oscillation can be observed on the raw range,

too.

for the two parts of the laboratory separately. In one part of the room, the temper-
ature was kept stable, and in the other one, heating and cooling cycles with a peak-
to-peak temperature difference of 4 K were executed. A temperature sensor was at-
tached to both of the modems. The cable connections between the two modems were
held short (approx. 3 m within the temperature-changing environment, and 7 m for
the full cable length), so the impact of the temperature on the cables was considered
to be negligible. The position of both modems was exchanged after several days, so
each modem was both for some time in a temperature-stabilized environment, and
for some time in an environment with temperature changes. The result can be seen
in Fig. 3.10.

For the first measurement with S410 in the temperature changing environment, the
temperature detected at the modem varies for approx. 4 K(see Fig. 3.10(a)). S410 and
S76 show a raw range variation of 80 ps and 90 ps peak-to-peak, respectively, with
S76 showing a positive correlation with temperature and S410 a negative one. The
same correlation behavior can be observed in the opposite case of S76 being in the
temperature changing part of the laboratory(see Fig. 3.10(b)). Here, the tempera-
ture variation at the modem is a little lower of approx. 3 K, causing a peak-to-peak
raw range variation of approx. 300 ps for S76 and 200 ps for S410. So for each mea-
surement, the raw range variations are in the same order of magnitude, with S76
showing a slightly higher variation, and both raw range variations always correlate
with the same sign for the respective modem. This could mean that one modem is
much more impacted by the temperature than the other one, and that both TX and
RX have a separate impact that add up in the final measurement. Thus, only a resid-
ual effect is seen in the loop-back measurements discussed before, with a common
mode impact of TX and RX canceling out, but becoming visible in the raw range
measurement with another modem connected. It also has to be noted that in this
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FIGURE 3.10: The raw range measurements of both modems, with the
temperature measured at the modem located in the environment of
changing temperature. (a) shows the measurement with S410 under
influence of temperature change, and (b) the one with S76 located in
the temperature changing environment. It can be seen that in both
cases the raw ranges show a reciprocal behavior. Also, the impact on
the raw range of both modems is in the same order of magnitude for
each measurement, respectively. The measurements are shifted for

better visibility.

experiment here, a residual temperature fluctuation can be observed in the stabi-
lized environment due to the non-perfect isolation of the movable wall, following
the same heating and cooling ramps, but reaching only about 0.5 to 0.7 K in peak-to-
peak difference.

To make a rough estimate of the temperature coefficients, the following assumption
can be made for the temperature-induced raw range measurement of modem S1
connected to modem S2:

∆TS1, temperature = τRX, S1, temperature + a · τTX, S2, temperature (3.2)

In this case, S1 is in the environment of temperature fluctuations, while S2 is in an en-
vironment of temperature fluctuations reduced by a damping factor a, which is ap-
prox. 1/6 in the experiment here. The signs are convention. Using the results above,
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the following approximate temperature coefficients for the TX and RX units can be
found: −69 ps/K (TX, S76), 99 ps/K (RX, S76), 6 ps/K (TX, S410), and −8 ps/K (RX,
S410). The TW equation (Eq. 2.7 in Chapter 2.3.1), calculating the phase difference
between the references of the modems, can be used to estimate the temperature-
induced phase difference on that link for the case of one modem being exposed to a
temperature change of 1 K:

∆TStemperature =
1
2
(τRX, S1, temperature − τTX, S1, temperature) (3.3)

For S76 being exposed to +1 K temperature change, the phase change on the link
between the modems is 84 ps, in case of S410 being exposed to the same temperature
change, the phase changes by −7 ps. These numbers are very different, and it has to
be noted that these numbers are also only valid for measurements with RX1 of the
respective modems. The second channels, RX2, show in general approximately the
same behavior, but not necessarily having the same temperature coefficient, and it
was seen in the previous section (Chapter 3.1.2) that RX3 of S410 did not show the
same oscillation as RX1 and RX2. Hence, to apply a proper temperature correction
to measurements, a respective full evaluation of all modems involved in the planned
measurement campaign would be required. This was not considered to be feasible.
Therefore, a rough estimation of 50 ps/K was taken as mean absolute coefficient for
the contribution of one modem to a TW measurement.

Internal frequency cross-talk

In addition to the temperature-induced oscillations discussed above, several oscilla-
tions with a period between 1 h and 2 h could be observed at different TX frequen-
cies used for both loop-back and TW measurements. As a consequence, some sets
of measurements were performed in order to verify a systematic influence of the
frequency set for the TX.

From the regular TW operations used for the comparisons of UTC(k) and the con-
tributions to TAI/UTC, it is known that frequency offsets, i.e. the difference to the
main carrier frequency of 70 MHz, should not be an integer in kHz, and especially
not a multiple of 5 kHz, since this was found to deteriorate the stability of the sig-
nal, possibly due to cross-correlation effects within the modem. Correspondingly,
for the measurements here mostly non-even values are taken as frequency offsets:
17 Hz, 7713 Hz and 13713 Hz, applied at the modems during different periods of
time. For comparison, an offset frequency of zero was applied in one measurement.
An example of the resulting raw range can be seen in Fig. 3.11.

The measurement depicted and other measurements show that a TX frequency value
of 70 MHz leads indeed to oscillations with with a period of approx. 1 h 20 min and
amplitudes up to 90 ps. However, certain offset frequencies, too, even though being
a non-even number, can lead to oscillations with a period of approx. 2 h 15 min and
amplitudes of up to 10 ps. In fact, out of the frequency values tested, only the offset
frequency of 17 Hz does not show any significant oscillation. How this behavior is
originating from the cross-talk in detail, however, is still unknown.

It was confirmed later by the manufacturer that there is some internal frequency
cross-talk, and a minimum interaction between the signals could be achieved by
taking frequencies with differences of about 17 kHz [170], which cannot be used
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FIGURE 3.11: Loop-back measurement of S76, with different TX fre-
quencies. In black the raw range measurement is depicted, in red the
moving average over 300 points (5 min). During the first days, a fre-
quency of 70, 000, 017 Hz was used, then precisely 70 MHz, and from
MJD 56737.6 on, the frequency was set to 70, 007, 713 Hz. The modem
was located in a laboratory with a diurnal change in temperature,

thus, the diurnal oscillation reflects the impact of the temperature.

in the operational TWSTFT due to smaller bandwidth available. So for the clock
comparisons, respective frequencies were chosen. A table with the frequency and
other measurement parameters for the campaign can be found in Appendix A.

Also, when changing the frequency, a jump in phase of approx. 10 ps can occur.
This observation was considered to be non-critical, since during the experiment the
frequency offset should not change, and the absolute phase measurement is not of
interest for frequency comparisons.

Phase jumps at relock onto the signal

Another phenomenon that was observed during all kinds of measurements with the
SATRE modems is the impact of relocking onto the signal. Depending on the settings
and the channels, outliers of several tens to hundreds of picoseconds were observed
at the beginning of a session, i.e. during relock process. There is also a possibility
that the modem locks onto a sideband, resulting in an offset and an unstable lock
in general that can last for the whole measurement session until the modem gets
the command of unlock and relock again. These measurements, although the phase
noise is not significantly higher, show often low signal power and some fluctuations
in the RX frequency.

A different issue was observed with modem S410. During several experiments it
showed significant jumps of 20 ps at most relocks on all three channels. This is
shown in Fig. 3.12. These jumps are between two defined states of locks, and ran-
domly occur over the channels. The manufacturer stated that this can refer to the
data polarity: the modem locks onto the signal in three steps: first, a code lock is
achieved, than a carrier lock and in a last step a so-called data lock. The signal is
modulated in a way that also some data is transmitted with the signal: the modem
ID from the remote modem and the measured raw range from the last 10 seconds,
enabling a calculation of an uncalibrated clock difference shown on the display of
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the modem. This information can be found in the code modulation, by having a
modulation with 0◦ (normal modulation) or 180◦ (inverted modulation) onto the
signal, denominated as data polarity with "+" or "-". The internal calibration by the
manufacturer adjusts the two locking states to the same delay, but there might be
a residual offset. A software update was provided by the manufacturer later on,
which would include the data lock sign as output. However, it turned out that the
jumps do not correlate with the data lock sign.
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FIGURE 3.12: Raw range of S410, averaged over 2 min, for all three
channels, during one day. The schedule used for this measurement
forces a relock every 20 min. All three channels show random jumps
of approx. 20 ps between two different locking states. The measured

values have a constant offset for each channel for better visibility.

This effect was not observed for S76 nor S427. The only possible solution for using
S410 during the campaign would be to keep it in continuous operation without re-
lock, which is also in general seen preferable for the operation of any SATRE modem
for such a campaign.

As discussed above for the TX frequency, phase jumps can occur when changing a
setting. The same can be observed for the change of the PRN code (see Fig. 3.13). For
this measurement, the modem S427 was operated in a loop-back setup (see Fig. 3.4
above), with a relock and a change of code every 20 min, resulting in phase jumps up
to 20 ps. This observation is, like for the frequency, nothing to be taken into account
for the planned experiment, since the settings are not expected to be changed during
the campaign. However, it can also be seen in the figure that the noise for one of the
codes (PRN code #2) is slightly higher than for the other two (#0 and #1). This was
analyzed in a seperate experiment.

3.1.4 PRN code dependence

Ideally, the PRN sequences are all equivalent and show a high orthogonality with
respect to each other. In reality however, potential cross-correlations or other dis-
turbing effects might occur within the combination of different codes due to the
way how the codes were developed and the truncation of the codes and thus due
to the non-perfect orthogonality of these codes. These effects were investigated in
order to find a combination of four PRN codes for the four participating institutes
that gives the best result with respect to the jitter and locking behavior. Since only
three modems were available to carry out tests, only combinations of three different
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FIGURE 3.13: Raw range of S427, setup in a loop-back experiment,
with a change in code every 20 min. Each code results in a different
mean value for the raw range. Starting from the left, the PRN codes
#2, #0 and #1 were set. It can be seen that #2 shows a slightly increased

noise in comparison to the other two.

PRN codes could be investigated, and in a next step, from these combinations a set
of four codes was found. To test combinations of three codes, a setup of all three
modems was designed, with the transmitted signal of each modem fed into the RX
input of each modem (see Fig. 3.14). In addition, white phase noise was added to
simulate real measurement conditions (C/N0 = 55 dBHz). A schedule, repeated each
day, switched through a different 3-code-combination every 20 min. Only the codes
0 . . . 7 were chosen for the investigation: These first 8 codes were the first codes used
for TWSTFT measurements with the MITRIX modems, and had been investigated
with respect to their orthogonality to each other as a group in more detail [110],
while other SATRE codes have been derived from these MITREX codes [170]. They
are considered to show the least cross-correlation.

TABLE 3.2: The first code combination sessions (CCSs) carried out
each day within the schedule. For each period of 20 min, three codes
out of 0 . . . 7 were chosen, so every possible combination of these
codes could be tested. A few combinations were tested more than
once, but with a different modem assignment or a different transmit-

ting/receiving direction for the modems.

Time slot CCS ID S76 sends / receives S410 sends / receives S427 sends / receives

0:00 – 0:20 1 PRN # 0 / 1 PRN # 1 / 2 PRN # 2 / 0
0:20 – 0:40 2 PRN # 3 / 2 PRN # 2 / 0 PRN # 0 / 3
0:40 – 1:00 3 PRN # 0 / 4 PRN # 4 / 2 PRN # 2 / 0
1:00 – 1:20 4 PRN # 0 / 2 PRN # 2 / 5 PRN # 5 / 0
... – ... ... PRN # ... / ... PRN # ... / ... PRN # ... / ...

For simplicity, for most combinations of codes only one modem constellation was
measured within the schedule, and only for few combinations the direction of emit-
ting/receiving was changed or the codes were permuted over the modems. So with
this experiment, potential differences between code combinations in general could
be detected, and the potential impact of the modems could be observed, too. Also,
potential differences between the different RX channels could be revealed. To avoid
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FIGURE 3.14: Setup for the measurement of different code combina-
tions, with an active signal combiner and a signal distribution ampli-
fier. In addition, white noise was added to the signal to simulate the

real measurement conditions.

confusion with the terms "code combination" and "session" from here on, the differ-
ent measurement blocks of the schedule will be called hereafter "code combination
session", or short "CCS". The schedule was then running for 17 d, so each CCS was
running seventeen times, each one for 20 min. Table 3.2 shows the way the CCSs
are constructed and set up in a schedule. The complete list of the CCSs is given in
Table A.1 in Appendix A.

The 1-s-jitter was calculated for each session, and all 17 jitter values (one from each
day) for one CCS were averaged and the standard deviation was calculated.

The criteria to identify four codes out of the CCSs with three codes are the following:

• All CCSs with three of the four codes should have a reasonable low jitter for
all modem channels.

• All CCSs with three of the four codes should have a low variation of this jitter,
thus, not an increased rate of outliers for any measurement.

• All CCSs with three of the four codes should show a smooth and fast locking
procedure (within 1 min).

Fig. 3.15 is showing the results. The numbers refer to the CCS number as shown
in Table 3.2 or Table A.1 in Appendix A. It turned out that in general differences
between the various CCSs are rather insignificant, compared to the differences be-
tween the modem channels. Especially the high jitter of S410’s RX3 stands out. For
all other channels, the jitter of a modem channel varies only within 3 ps over most
CCSs. However, it was found that the origin of this observation is mostly due to the
impact of the TX channel rather than due to the RX channel characteristics alone.
For most CCSs, the transmitting direction is the following: S76 locks on the signal
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of S410, S410 locks on the signal of S427, and S427 on the signal of S76. When this
direction is reversed (as for CCSs #8, #57, #60 – #63, #67, #68 and #70 – #72), the jitter
values change, especially for RX3 of S410, which has now one of the lowest jitter
for these CCSs. This is also consistent with the jitter values obtained from various
ranging sessions, which were included in the schedule for approx. 1 min each hour.
So overall it can be said that for each modem, the jitter is the lowest when locking
onto the signal of S76, and the highest when locking on the signal of S427. Code
permutations within one signal direction do not give any significant changes, and
the change of code combinations in general do not cause a significant change in the
jitter. Furthermore, no significant changes were found in locking time.

In a previous experiment investigating the same subject but without any additional
noise, significant differences between the CCSs due to different codes were observed
in addition to the differences between the modem channels. From there, the PRN
codes 1, 4, 5, and 6 were identified as optimum. However, it was later found that
the setup showed reflections at passive elements and mixed only two out of three
codes. Since the result above does not show any negative impact of these codes with
each other, the codes 1, 4, 5, and 6 were kept (in Fig. 3.15, combinations of these
codes correspond to the CCSs #31, #32, #34, and #53). Also, it cannot be excluded
that differences between the CCSs in this flawed experiment originate indeed from
cross-correlation between the codes that can only be observed at a high C/N0 of
70 dBHz.

Beside the choice of the settings for the experiments, also the decision which modem
to use had to be made. Although some of the experiments reveal a slightly worse
performance for S410 than for S76 and S427 with respect to noise, these differences
were considered to be negligible compared to the advantage of having 3 RX channels
and thus the possibility of receiving all three of the other participating laboratories.
So the modem S410 was chosen for the campaigns.

3.2 Preparation of the ground stations

From the possible setups of roof stations introduced in Chapter 2.3.1, the institutes
participating in the experiment chose different approaches, corresponding to the
availability of equipment and the possible use of secondary stations ready for op-
eration. At PTB the possibility was given to set up the station from scratch.

The roof station of PTB can be seen in Fig. 3.16. PTB chose the approach of single
equipment (SSPA, UC and DC as single devices) located in a roof box which not
only provides a protection from humidity and direct sunlight exposure, but also a
temperature-controlled environment, cooling the equipment if the temperature rises
above 35 ◦C. The box was located as close as possible to the antenna without disturb-
ing any operation. From there, a 3 m long flexible waveguide was used to feed the
upconverted, amplified signal to the antenna. The waveguide was isolated and pro-
tected against sunlight, and the interior of the waveguide was kept dry and under
constant pressure.

In contrast to the converters or transceivers used by the partners, the converters here
provided frequency bands that allowed a loop measurement by directly downcon-
vert the output signal of the upconverter again and feed it back to the modem located
in the lab. With this, it was possible to directly measure the general instability of the
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FIGURE 3.15: The mean instability at 1 s (mean jitter) for each code
combination session over ten measurements. The error bar indicates
the standard deviation for all ten measurements carried out for one
CCS. (a) shows the results for all modem channels, in (b) the y-axis
is limited to the region of 50 ps to 80 ps. The complete list of code

combinations for the CCS IDs is given in table A.1 in appendix A.
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FIGURE 3.16: Pictures illustrating the setup of the roof station at PTB.
(a) shows a photo of the antenna with the location of the LNA, the
waveguides and the roof box. (b) shows the equipment on the inside

of the box.

ensemble of modem, UC and DC before the installation in the roof box. The setup is
shown in Fig. 3.17 (a). The comparison between the long-term-instability of a simple
loop-back measurement in the laboratory (see Chapter 3.1.2) and a loop-back with
the signal passing UC and DC can be found in Fig. 3.17 (b) in the form of modified
Allan Deviations. One can see that the instability is the same for averaging times
up to 400 s, and also not significantly different for longer averaging times. The loop-
back including the converters show a slightly increased instability, but the diurnal
oscillation induced by temperature in the laboratory is dominant. The difference
between both Allan Deviations at averaging times larger than 100, 000 s might be
caused by either the increased uncertainty of the Allan Deviation due to the limited
length of the data set or by long-term disturbances on the simple loop-back mea-
surement.

In a second step, the converters were installed in the roof box. In this experiment,
two modems were connected via two separate signal paths, with one passing through
the converters on the roof (see Fig. 3.18). The result can be seen in Fig. 3.19.

In (a), the measurements of both modems and the temperature in the roof box are
shown for the whole measurement period over several days. The temperature was
measured by an external sensor close to the downconverter. The phase measure-
ment by S76 which is receiving the signal traveling through both converters follows
clearly the trend of the temperature with no significant delay, leading to excursions
of a few hundreds of picoseconds. The measurement by S410 on the other hand is
only varying within a range of several tens of picoseconds, and no significant depen-
dence on the temperature can be observed. However, in the middle of the measuring
period, some diurnal oscillation appears which, as it was found in Chapters 3.1.2 and
3.1.3, is reversed with respect to the periodic structure on the measurement of S76.
It is therefore likely an effect based on the temperature in the laboratory.

In (b), a few hours are shown in detail for S76 and temperature. The saw-tooth-like
structure of the temperature stabilization within the box is clearly visible in both
graphs, a peak-to-peak variation of about 4 K, inducing a variation in phase with an
amplitude of about 20 ps. From these measurements, a temperature coefficient for a
one-way measurement through both converters can be derived, being 10 ps/K. Due
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FIGURE 3.17: Loop-back experiment with the up- and downconverter
included. (a) shows the setup, (b) the modified Allan Deviations of
this experiment (in red) and in comparison the one of a simple loop-
back carried out for the long-term instability of the modem (see Chap-

ter 3.1.2) in black.

to the TW equation (eq. 2.7), the overall impact of the temperature at one side on the
phase difference between two remote stations is divided by 2, thus the temperature
coefficient becomes 5 ps/K for one of two stations.

For the connection between the roof station and the modem, reflections within the
cables resulting in multipath need to be taken into account (see Chapter 2.3.1). For
a non-erroneous correlation, the original signal and the reflected signal should be
delayed by at least 1.5 times the chipping period [121], which is 50 ns in this case. So
in order to suppress this effect as well as possible, all cables carrying the modulated
signal from the modems to the roof station should be longer than 16 m.

A final aspect that is considered for the setup of the ground stations is the mini-
mization of the impact of the path delay difference and the Sagnac effect (see Chap-
ter 2.3.1), which are negligible in case of the regularly operated TWSTFT for UTC(k)
comparisons, i.e. with instabilities of low 10−15 at one day measurement time. How-
ever, these effects become more important when instabilities, and thus uncertainties
lower than that are expected. The variation of the Sagnac effect will be handled in
post-processing, while the variation of the path delay difference can be minimized
by increasing the reciprocity of the signal path. Therefore, with the position of the
satellite roughly known, an artificial delay can be introduced at the stations in a
way that the signals from each station arrive at the satellite at roughly the same
time. These calculations were carried out by project partners at LNE-SYRTE and
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FIGURE 3.18: Setup of the two-way-like experiment between two
modems (S76 and S410), with one signal path passing through the

up- and downconverter located in the roof station.

NPL [171], and provided the respective delays of 0.6, 1.0 and 2.6 ms to PTB, LNE-
SYRTE and INRIM, calculated with respect to the signal path from NPL to the satel-
lite, which is the largest distance.

3.3 Selection of satellite

For operating at 20 Mchip/s, a bandwidth of 34 MHz on a satellite transponder is
required.

In order to choose an appropriate satellite with such a transponder, several crite-
ria had to be fulfilled, with having all four participating stations within the signal
footprint of the satellite being the most trivial one. Furthermore, the satellite po-
sition should enable the laboratories to work with an elevation angle not too low,
i.e. higher than 10 ◦, for an optimum higher than 20 ◦. Also, the criteria which are
common for TWSTFT, like up- and downlink frequency range and linear orthogonal
polarizations between up- and downlink were required.
As described in Chapter 2.3.1, TWSTFT measurements underlie a geometric and a
relativistic effect, out of which the relativistic effect (Sagnac effect) has an impact
on the choice of the satellite. The goal is to perform corrections on the final mea-
surements to have the effects originating from the residual movement of the satellite
cancel out. For the calculation of these corrections, the position and the velocity of
the satellite need to be known within a certain uncertainty. Although an uncertainty
lower than 1 × 10−16 at one day was not expected for the overall uncertainty, the
calculation was carried out addressing an uncertainty of approx. 5× 10−17.

Two different approaches were used to carry out the calculations 1. One is to perform
simulations with data from the satellite used for the operational TWSTFT within Eu-
rope, Telstar 11N, operated by Telesat. With this, the order of magnitude of both ef-
fects was estimated, and following the calculations in [172], the requirements could
be determined. The second one is to carry out numerical calculations following a
similar approach as in [173]. Both analysis methods came to similar results: With
the assumptions of a satellite residual velocity lower than 1 m·s−1 and a residual ac-
celeration in the rotating frame lower than 10−5 m·s−2, the satellite position should

1These calculations were carried out by the project partners LNE-SYRTE and NPL.
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FIGURE 3.19: Measurement between two modems, with one signal
path passing in a loop through up- and downconverter, located in the
roof station. In (a), both measurements (raw range) are shown over
the whole period, together with the temperature in the roof box, mea-
sured close to the downconverter. An arbitrary offset is subtracted
of both raw range measurements for better visibility. A clear corre-
lation between the temperature and the modem receiving the signal
passing through both converters can be observed. (b) shows a few
hours of one of the days. The sawtooth-like structure results from the

temperature regulation within the box.

be provided with an uncertainty of 2 km or lower on an interval of around 10 min-
utes [174]. An explicit figure for the velocity was not considered to be necessary.

The satellite provider Société Européenne des Satellites (SES) was chosen, with the
satellite ASTRA 3B fulfilling all criteria mentioned above. A footprint can be seen in
Fig. 3.20. The corresponding up- and downlink frequencies of the transponders that
were used for the measurements can be found in Appendix A.

3.4 Scheduling of the TW links

With S410, PTB had a 3-channel modem which could be used to receive all other
three participating institutes simultaneously. So a switch for the channels between
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FIGURE 3.20: The footprint of the satellite Astra 3B in the Ku band
(wide beam), taken from www.ses.com [175].

the stations was not necessary here. However, the other laboratories had only 2-
channel-modems available. So the introduction of a schedule was necessary.

The operational TWSTFT measurements are carried out at each institute with a dif-
ferent software to control the modem and to generate the data files. This does not
allow any flexibility in changing the links which is desired to adapt to the uptimes
of the optical clocks. Also, the data recording is optimized for the generation of
data files in the so-called ITU-format, which is used as universal format for TWSTFT
files and contains already single values for each session, calculated by a quadratic
fit over the length of the session. However, it is the aim to make use of unprocessed
data in order not to loose any information, i.e. to use the raw data recorded on a
1s-time grid. For the raw data, on the other hand, no unified data format exists,
which is not only problematic for the overall data analysis after the campaign, but
also for the monitoring done during the campaign to identify and eliminate failures
and problems as early as possible.

As a solution, two pieces of software were developed by PTB. One is a modem con-
trol software based on the software already implemented at PTB that needs a sched-
ule configuration file as input, transfers the settings accordingly to the modem and
generates data files from the raw modem output. The format of the output strings
of the modem had been unified for that purpose, and files contain in addition to the
raw range data information about frequency, power, signal-to-noise-ratio, internal
temperature and lock status. The schedule configuration files are generated locally
at PTB by a second software and distributed over various channels (cloud spaces,
email) to the other institutes.

The schedule implemented switches between 3 different configurations hourly, de-
picted in Fig. 3.21. With this, the links between two of the three stations at INRIM,
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LNE-SYRTE and NPL were only in operation for one out of 3 hours. During the
time when one of the institutes was not receiving any of the other two, ranging was
performed. The duration of 1 hour resembles a compromise between having contin-
uous data for a post-processing of data to average most of white phase noise on the
one hand and to avoid too large breaks in the data on the other. Also, an hourly shift
could easily be realized manually by the software already implemented at the other
stations in case the self-written software by PTB experiences a failure.

FIGURE 3.21: Link configurations for the link test campaign. A sched-
ule switches hourly between a, b and c. The red arrows indicate the

changing links.
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Chapter 4

The satellite link test campaign

After an evaluation of all equipment involved, as described in the previous chapter,
the last step of preparation is a test of the actual link operation with the satellite in-
volved. For that, the time the satellite transponder was available for this project was
split: out of the 28 days of the payed transponder time, seven days were scheduled
several months before the actual clock comparison campaign.

This link test campaign was not only meant as a proof of concept for the goal of
reaching the low 10−16 range in instability, but should have shown potential diffi-
culties and flaws in the setups and coordination during the campaign. Therefore,
only a trimmed-down version of the setup dedicated for the clock comparison was
used, involving only the TWSTFT stations and the reference HM (see Fig. 4.1).

FIGURE 4.1: Setup of the link test campaign to test the operation of
the TWSTFT satellite links.

The campaign could be carried out successfully, with all laboratories involved test-
ing their equipment and signal quality. Some unforeseen incidents in hard- and
software aspects showed potentials for improving the robustness of the equipment
and process.

4.1 Data recorded during the campaign

For monitoring and analysis, the raw data recorded by the modems at each labo-
ratory are collected. This includes the raw range data (∆T in Chapter 2.3.1). An
example of the raw range recorded during the campaign can be seen in Fig. 4.2. The
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FIGURE 4.2: Raw range of two different modems during the cam-
paign, by LNE-SYRTE receiving INRIM’s signal in black, and by PTB
receiving NPL’s signal in gray. The measurements are shifted for bet-
ter visibility: both by approx. 250 ms close to zero, which is about
the time the signal takes to travel from the ground to the satellite
and back, and an additional shift was applied to the curve in black
to have an artificial offset of 0.1 ms between both. Note that the ac-
tual offset, approx. 0.8 ms, results from the different times-of-flight
from the satellite to the respective ground station, and is twice this
difference. This difference was also calculated to introduce a delay
at the ground stations with respect to NPL’s signal uplink path in
order to suppress the path delay difference effect (see Chapter 3.2).
The sinusoidal structure originates from the residual movement of

the satellite.

black curve shows the raw range of a SATRE modem located at LNE-SYRTE, receiv-
ing the signal from INRIM, and the grey curve is depicting the raw range of PTBs
modem, receiving the signal from NPL. Offsets are applied for better visibility. Both
are in a sine-shape with an amplitude of approx. 90 µs, which reflects the extension
and shortening of the signal path caused by the daily residual motion of the satellite.
The raw range measured at PTB is mostly uninterrupted, since the links to PTB were
operated continuously. The raw range of LNE-SYRTE shown here is already filtered
for showing only the time when the channel was locked onto INRIM’s signal, thus
showing the 1-h-sessions every 3 h of the schedule.

Some unforeseen events disturbing the planned schedule can be exemplarily seen in
the figure. An equipment failure at INRIM prevented the station from joining the
campaign from the very beginning, but a quick substitution could be made, and IN-
RIM could participate with a delay of two days. During the campaign, the upload
of the configuration files failed once, resulting in an uninterrupted measurement of
one single configuration for 11 hours, which can be seen as one long uninterrupted
session for the link between LNE-SYRTE and INRIM. Furthermore, the modem con-
trol software at LNE-SYRTE failed once, resulting in the loss of 8 hours of data. At
the end of the campaign, the hydrogen maser at PTB failed, shortening PTB’s partic-
ipation by a few hours.

In addition to the raw range data, each modem records the RX frequency, power, and
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FIGURE 4.3: RX frequency of two different modems during the cam-
paign, by LNE-SYRTE receiving INRIM’s signal in black, and by PTB
receiving NPL’s signal in gray. Measurements are shifted for better
visibility. The sinusoidal structure originates from the residual move-

ment of the satellite.

carrier-to-noise density ratio. The RX frequencies recorded by the same channels as
in the raw range depiction are shown in Fig. 4.3. Again, offsets were applied for
a better visibility. The sinusoidal shape can be seen as well, it originates from the
changing Doppler shift that occurs due to the residual satellite movement. There
are regular patterns on the frequencies, most probably due to a shadow falling on
the satellite (e.g. by one of the solar panels), which would result in a temperature
change within the transponder and thus effectively a frequency change.

An example for the monitored RX power can be seen in Fig. 4.4. While the RX power
from NPL recorded at PTB is mostly constant, the power recorded at LNE-SYRTE
from INRIM shows a weak sinusoidal shape and a decreasing trend. This might be
caused by the alignment of one (or both) of the antennas, either the one receiving
at LNE-SYRTE or the one transmitting the signal of INRIM: Due to a mispointing
of the antenna, the satellite is not in the center of the antenna spot and thus very
small position changes of the satellite can cause noticeable changes of the signal
power at the antenna. In addition, the trend might have its origin in the fact that the
orientation of the antenna is not to 100 % fixed and thus slowly moving with respect
to the satellite.

In addition, each modem records the internal temperature, but as an average of two
sensors of unknown location within the modem. A comparison between the inter-
nal modem temperature as recorded by the modem itself and the temperature at
the modem measured by an external sensor is shown in Fig. 4.5, measured at LNE-
SYRTE. The temperature measured by the modem is shifted by −12 K. Interestingly,
the both curves do not show any common features, except for the two ditches on
day 5. Since an external logging has been proven to work, the focus was put on the
external logging.
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FIGURE 4.4: RX power of two different modems during the cam-
paign, by LNE-SYRTE receiving INRIM’s signal in black, and by PTB

receiving NPL’s signal in gray.

FIGURE 4.5: Modem temperature at LNE-SYRTE, recorded with an
external temperature sensor (black) and internally within the modem
(red). The temperature measured by the modem internally is shifted
by −12 K. It is the average of the temperature measured by two inter-

nal sensors of unknown position.
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4.2 Data processing

The raw range corresponds to ∆T in Eq. 2.5 from Chapter 2.3.1. In this case here,
the signals from the two hydrogen masers used as reference for the modems repre-
sent the two time scales to be compared, so the difference ∆TS in Eq. 2.5 becomes
x(HM1 −HM2)(t), and the TW equation (Eq. 2.7) is rewritten:

x(HM1 −HM2)(t) =
1
2
(∆T1(t)− ∆T2(t)) + C(t) + const.

= x′(HM1 −HM2)(t) + C(t) + const. (4.1)

A constant residual offset from non-reciprocities on the signal path is left, which does
not need to be taken into account for a frequency comparison. Furthermore, there are
some non-reciprocities fluctuating with time that can be corrected (C(t)). All other
fluctuations are attributed to the link instability. Thus, the term x′(HM1 −HM2)(t)
is the calculation of the HM phase difference in a first estimate by just using the raw
modem data (raw ranges), without any correction. This is done in a first step of data
processing. It is calculated only for times where both ∆T1(t) and ∆T2(t) are available,
i.e. where both have common time stamps. In a next step, outliers are removed by
a two-step piecewise cubic fitting: the fit is calculated over an interval of 200 s and
points deviating from the fit by a fixed threshold of 250 ps are removed. In a second
step, the process is repeated, but by applying a threshold of 32.5 ps for the deviation
of the data from the fitted curve. The process results in gaps on the data of 1 or 2 s in
length. In addition, the corrections for the Sagnac effect are applied, interpolated on
the same timestamps where x(HM1−HM2)(t) is available. As a final step, the linear
drift on the phase originating from the frequency offset between the two masers is
removed.

4.3 Satellite link instability

The results of this processing can be seen in Fig. 4.6. Each of the plots (a) – (d) con-
tains all links with one laboratory in order to make common mode features for one
laboratory better visible. The phase is shifted for better visibility. Some curves show
diurnal-like structures, especially well visible on the link between LNE-SYRTE and
PTB. Some curves also show some significant fluctuation patterns with changes of a
few hundreds of picoseconds within only few hours or less, which repeat every day.
Comparing (a) with the other graphs, it becomes apparent that these fluctuations are
only visible on the links to INRIM. Their origin is unknown.

In a next step, the modified Allan Deviation of all links was calculated. Since the
commonly available algorithms can only treat data on a continuous time grid with-
out gaps, a new calculation method was implemented [176]: triples of phase data
in intervals of τ are only taken into account for the calculation if all three values ex-
ist. This gap-tolerant modified Allan Deviation works only for phase data, and was
used within this work for most calculations of modified Allan Deviations of phase
data, so interpolation or discarding a lot of data could be avoided. However, so far
the calculation of the uncertainty for each σ(τ) is not implemented yet into the cal-
culation process and regular gaps as in the data here require a careful interpretation
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FIGURE 4.6: The phase difference between all four reference HM, as
measured by the SATRE modems, with the Sagnac corrections ap-
plied, and the linear drift (frequency offset) removed. (a) shows all
links with INRIM involved, (b) for LNE-SYRTE, (c) for NPL and (d)

for PTB. The phase is shifted for better visibility.
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FIGURE 4.7: Modified Allan Deviation of the phase data in Fig. 4.6.
It is calculated with a gap-tolerant method. Disturbances and other
significant structures are marked with "a" to "e". "a" and "b" are fre-
quency modulations on the phase data, most probably caused by re-
flections in ground station devices. "c" is originating from the calcula-
tion method, since it corresponds to the regular gaps on the links that
were switched within the schedule. "d" are phase fluctuations on the
INRIM-related links of unknown origin, and "e" diurnal oscillations

which are mostly dominant on the link LNE-SYRTE – PTB.

of the calculated result. Especially the instability at averaging times in the range
of the distance between regular gaps have rather high uncertainties due to the low
amount of phase triples available. The resulting modified Allan Deviations can be
found in Fig. 4.7.

At first, it can be noted that the instability of all links at 1 s is in the range of 1...2×
10−11, which corresponds to a C/N0 of approx. 70 dBHz (see Fig. 3.3 in Chapter 3.1).
The link NPL – PTB shows the lowest instability of all links up to 30 s, with almost
pure white phase noise, and the instability of the links INRIM – NPL and INRIM –
PTB average to the same value of τ with a combination of white and flicker phase
noise. All links involving LNE-SYRTE show a characteristic bump at an averaging
time of a few seconds, which is marked as "a" in the figure. Another characteristic
feature is the bump τ ∼ 100 s, marked as "b". The fact it can be seen for all links
shows that it is not only due to one station, but at least three. In fact, the maximum
seems to be slightly different for the different links, with the INRIM-related links
at about 100 s averaging time and the PTB-related links at about 140 s. The distur-
bance is lowest for the link between LNE-SYRTE and NPL, but at around the same
averaging time as for LNE-SYRTE – PTB and NPL – PTB.

Both features have in common that there is not one single frequency causing the
apparent quasi-periodic phase variations. For a better visualization of the effects, the
phase data of two links in Fig. 4.6 (d) were enlarged, which can be seen in Fig. 4.8.
In (a), the 100 s feature ("b") is well visible for both links. However, the frequency
is moving, resulting in significant structures repeating every 12 h, as seen at MJD
56954 + 5.95 and MJD 56954 + 6.45. A moving frequency can also be seen in (b),
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FIGURE 4.8: Enlargement of the phase data in Fig. 4.6 (d) of the links
LNE-SYRTE – PTB and NPL – PTB. In (a) one can see that both un-
derlie a frequency modulation with a period of 12 h. (b) shows an
additional frequency modulation on the link LNE-SYRTE – PTB with
a period between a few seconds and a few minutes, which can not be

observed on the link NPL – PTB.

where a very fast oscillation is visible on the link LNE-SYRTE – PTB (causing "a"),
but not on NPL – PTB. However, the period increases with increasing time in this
particular displayed section, changing from a few seconds to a few minutes. This
feature, too, repeats its frequency change every 12 h. It can therefore be said that
both effects have something to do with the satellite motion, most probably with the
frequency change of the signal due to the Doppler effect. So both are a combination
of this frequency change and of a technical disturbance, like a reflection, on the signal
path: the one marked as "a" only in the station at LNE-SYRTE, while "b" might occur
at equipment common to each station.

The bump seen at "c" (the bump starting between 3000 and 4000 s, with a maximum
at 6000 s), can be only found on the links with the sessions of 1 h, since the calcula-
tion is well possible for 3600 s, but has a very high uncertainty for averaging times
up to 3 h due to the low amount of phase triples that can be used for this τ, so
it is not necessarily a real increase of the frequency instability, but originates from
the gap-tolerant calculation of the modified Allan Deviation. The increased uncer-
tainty in "d" (at an averaging time between 10, 000 and 20, 000 s) corresponds to the
fluctuations on the INRIM-related links of unknown origin, and "e" to the diurnal
oscillation, which is most dominant for the link LNE-SYRTE – PTB.

It can be seen that for the PTB-related links instabilities below 6× 10−16 at τ = 1 d
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are reached, which corresponds to the approximate instability of the HM. Thus, dis-
turbances which limit the instability at shorter averaging times do not seem to have
an influence on the instability at τ = 1 d and above. This is important because the
cause of disturbances is unknown, so they cannot be avoided in the final setup for
the clock comparison, nor corrected. The campaign therefore showed that the insta-
bility which was aimed for can be actually reached.

For the links without PTB involvement, the instability at τ = 1 d is higher, around 1×
10−15. Because of the lower amount of data to calculate the modified Allan Deviation
for averaging times around 1 d for these links, a statement about the final instability
here is not possible. For a full characteristic and for making use of the advantage of
the high chip rate for the optical clock comparisons, it is thus necessary to operate
all links without interruption.
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Chapter 5

The clock comparison campaign

The main objective of this work is a simultaneous comparison via broadband TW-
STFT (20 Mchip/s) between five optical clocks, and in addition six microwave foun-
tain clocks located at the NMIs INRIM, LNE-SYRTE, NPL and PTB. In parallel, GPS
PPP was used as an independent satellite comparison technique. For the three-week
measurement campaign, various considerations needed to be taken into account,
both organizational and for the computation in the post-process. In this chapter the
relevant operational aspects and considerations for data processing of the links are
discussed in detail, while all aspects of the final calculation of the relative frequency
differences of the clocks can be found in the next chapter.

This chapter first describes changes in the setup and the schedule for this campaign
in contrast to the link test. Then, an overview over all events during the campaign
is given. The third section analyses the resulting instabilities of the satellite links
and compares the different satellite techniques. In the last part of this chapter, the
corrections necessary for the frequency comparison are discussed in detail: the at-
mospheric corrections and the Sagnac corrections.

5.1 Changes in setup and schedule

The link test campaign has shown that the TWSTFT links can reach an instability in
the low 10−16 range for averaging times of 1 day or larger, which is the goal with
respect to the uncertainty for this campaign. But regular gaps of one hour or more,
as implemented in the schedule of the link test campaign (see previous chapter), can
not be easily overcome and they have an impact on the link characteristic in general
and complicate the final clock comparison calculation.

Hence, one of the major changes was to provide each institute the possibility to re-
ceive all signals simultaneously, which means to equip each TWSTFT station with at
least three RX channels. This was done by shipping spare modems (S76 and S427)
to other laboratories. PTB had an additional three-channel modem available during
the time of the campaign (SATRE modem with serial number 280, hereafter S280),
which results in the possibility to receive six signals simultaneously. The additional
channels were used for ranging and redundant measurements. In LNE-SYRTE and
PTB, an active splitter/combiner was used to split the signal of the RX path for dis-
tributing the signal to two modems, while at NPL and INRIM, the two modems were
daisy-chained.
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As discussed in the previous chapter, the sources of the frequency modulations oc-
curring during the link test campaign (at a few seconds for the LNE-SYRTE links
and around 100 s for all links) were assumed to be reflections in some parts of the
stations’ equipment. Some closer investigations were carried out at PTB and LNE-
SYRTE, including several loop-back experiments with various parts of the signal
path within the station at PTB, however, without any result. LNE-SYRTE assumed
cross-correlations within the SATRE modem between signals of different PRN codes,
and changed the code from 1 to 0.

In addition, within a research cooperation between LNE-SYRTE, PTB, and the Na-
tional Institute of Information and Communications Technology (NICT) of Japan,
another satellite-link-based technique was implemented in parallel during the cam-
paign: TWCP frequency transfer [177]. As mentioned in Chapter 2.3.2, the technique
has shown promising instabilities for short averaging times, but was in previous
measurements either limited by the measurement equipment, the frequency stan-
dards used as reference, or the measurement time. Since the carrier-phase technique
occupies only a few 100 kHz and thus a very small part of the overall bandwidth
(< 1%), the experiments could be carried out on the same transponder without an
impact on each other. To realize this, additional equipment was provided by NICT:
an arbitrary waveguide generator, a sampler, several amplifiers and bandpass filter,
and for PTB an SSPA, an LNA, and a set of UC/DC. In case of PTB, an additional
roof station was available for the TWCP measurement, so the two signal paths for
broadband TWSTFT and TWCP could be kept separated. At LNE-SYRTE, only one
roof station was used for both experiments, so the signal path was split.

Details on the parameters of the modems and the up- and downlink frequencies
during the clock comparison campaign can be found in Appendix A.

5.2 Events during the campaign

The clock comparison campaign took place from MJD 57177 to MJD 57203 (June 4th

to 29th 2015, 26 days). Originally, only a time of 3 weeks was planned, but due to
some unforeseen events the satellite provider agreed to add a few days.

Since a lot of events of public interest took place during the first part of the campaign,
especially the first weekend (e.g. 41st G7 summit and UEFA Champion’s League,
both in Germany), it was not possible for SES to provide the same transponder on
the satellite which was used for the link test before, so a different up- and downlink
frequency was assigned to the campaign. Unfortunately, it was found that the new
downlink frequency of 12.605 GHz is within a frequency band used by military sta-
tions in France for terrestrial communication, so a strong signal from a station nearby
prevented the modem of LNE-SYRTE to lock on any signal from the satellite with
a signal-to-noise ratio higher than 45 dBHz. A spectrum as recorded by a spectrum
analyser at the LNE-SYRTE station can be found in Fig. 5.1, it shows the disturbing
signal at marker 2 that is dominating over a bandwidth of approx. 40 MHz. SES was
informed about this issue as soon as possible, but a switch to the transponder used
in the link test campaign was only possible five days after the begin of the campaign,
on MJD 57182. So during the first five days, LNE-SYRTE could not participate in the
broadband TWSTFT measurements, but TWCP was running during that time. Due
to this incident, an additional measurement time of five days was granted by SES.
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FIGURE 5.1: An image of a spectrum analyser showing the spec-
trum of the signal after downconverting. Marker 1 represents the
center downlink frequency of the transponder. Just 2 MHz above, at
marker 2, a signal of large power is received, jamming the TWSTFT

signal.

Although a lot of intensive and careful preparations were carried out, several tech-
nical incidents occurred during the campaign.

With the data being monitored, it was noticed that after MJD 57186 some phase
excursions of more than 1.5 ns, obviously artifacts, appeared on the two-way phase
data of all links that involved PTB. They occurred around the same time of the day,
between 11:00 and 15:00 UTC, lasting longer than one hour. It was found that there
was a loose contact in the connection between the LNA and the cable leading to the
downconverter, causing the excursion by thermal extension of the connector during
sunlight exposure. The problem could only be identified and solved on MJD 57195.

The SATRE modem belonging to NPL, S74, was malfunctioning before the link test
campaign, but got repaired and was implemented into the setup before the clock
comparison campaign. Unfortunately, it turned out that the internal firmware was
not compatible with newer generations of the modems, so the data written in the
raw output strings were shifted by an unknown delay with respect to the given time
stamps. A manually generated configuration file was used to solve the problem,
which was installed on the modem on MJD 57190. Since S74 comprises only one
channel, only one link, the link between NPL and INRIM, was affected.

On MJD 57191, the TWCP link was switched off. It was only discovered after that
day, that the TWCP introduced some increased short-term instability on the RX sig-
nal of LNE-SYRTE. The reason was found to be an interference at the splitter used
here to split the signal into the signal paths for the SATRE modem and the TWCP
equipment.

From the beginning of the campaign, the signals of INRIM and PTB as received at the
other stations (and at the channel used for ranging measurements at PTB) suffered
from a frequent loss of carrier lock. The situation for PTB’s signal improved once the
external frequency reference for the upconverter was removed.
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MJD - 57177
0 5 10 15 20 25

INRIM - LNE-SYRTE

INRIM - NPL

INRIM - PTB

LNE-SYRTE - NPL

LNE-SYRTE - PTB

NPL - PTB

FIGURE 5.2: The measurement time of each link that can be used for
the processing of data and the final calculation of clock frequency dif-

ferences.

One of the modems used at LNE-SYRTE, S503, crashed several times and rebooted
automatically, which lead to a loss of data for several minutes each time.

After the official end of the campaign, maintenance work was scheduled at LNE-
SYRTE, but due to the additional days of measurement, this event took place when
the campaign was still running. In the frame of this activity, a complete power shut-
down occurred from MJD 57199 (17:30 UTC) until MJD 57200 (11:30 UTC). Also, the
power was shut down by accident on MJD 57197 for about one hour in the frame of
this maintenance.

Fig. 5.2 shows the measurement intervals for each link, with outliers and periods of
data that cannot be used for the processing already cut out.

5.3 Satellite link analysis

For the basic link data processing, several steps of calculations were carried out.
At first, as in the link test campaign, the raw range data sets ∆T(t) (see Eq. 2.5 in
Chapter 2.3.1) from each modem were gathered and two of them combined to gain
the first estimate (without adding any correction yet) of the phase difference between
the reference hydrogen masers for each link:

x′(HM1 −HM2)(t) =
1
2
(∆T1(t)− ∆T2(t)) (5.1)

For the following calculation of outliers, a few changes had been made with respect
to the link test. These adaptations were made to account for the different kinds of
disturbances with respect to the link test and furthermore to more carefully identify
outliers, since the processed data will be used for the calculation of the relative fre-
quency differences between the clocks.
At INRIM, one reference 1PPS signal for the modem came from a different source
than the second 1PPS and the frequency signal, so a re-synchronization between
the reference signals occurred from time to time, which resulted in jumps of inte-
ger multiples of 100 ns on the raw range data, and thus in multiples of 50 ns on the
corresponding link data. These jumps were detected and removed in a first step.
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no TWSTFT before 
transponder switch

TWCP switched on
loose cable at PTB

maintenance activity 
at LNE-SYRTE

TWSTFT LNE-SYRTE - PTB

FIGURE 5.3: The TWSTFT phase data between LNE-SYRTE and PTB.
The frequency offset is subtracted as a linear fit. This link was affected
the most by perturbations during the campaign, the major ones can

be seen clearly in the data and are marked.

In a next step, similar to the link test campaign, a piecewise cubic fitting for intervals
of 200 s is calculated, and points differing by more than 250 ps are removed as out-
liers. However, instead of repeating this method with a lower threshold, the linear
drift (frequency offset) was removed. This was done for a better visual detection of
outliers and disturbances like the excursions on the PTB signal or times of the up-
link tests during the satellite transponder switch in between, which were selected
and cut out manually in a next step. Then, a second numerical outlier detection was
carried out, using the modified z-score criterion [178]:

∣∣∣0.6745 · (xi − x̃)
MAD

∣∣∣> 3.5, (5.2)

with x̃ as the median and MAD as the median absolute deviation of x.

After that, the corrections were applied, the Sagnac corrections and the atmospheric
corrections (see next section, 5.4). For calculating the relative frequency difference of
the atomic clocks as carried out in Chapter 6, the linear drift was added again onto
the data after the last outlier removal and the application of the corrections.

Fig. 5.3 shows the TWSTFT phase data for the link LNE-SYRTE – PTB with a prelim-
inary outlier removal, but without cutting out periods of disturbance and applying
the corrections. Only the test periods at the beginning were removed, and the lin-
ear drift was subtracted for better visibility. The graph covers the whole period
of the measurement campaign, and illustrates most of the events occurring during
the campaign, the non-functional downlink at LNE-SYRTE at the beginning of the
campaign, the noise introduction by TWCP, the loose cable contact at PTB and the
maintenance activity at LNE-SYRTE at the end of the campaign.

Fig. 5.4 shows the TWSTFT phase data for the link between PTB and INRIM with the
complete outlier removal, with disturbances cut out and with all corrections applied.
The linear drift was removed for a better visibility. A residual quadratic drift is still
visible, as well as diurnal non-sinusoidal fluctuations, which have a resemblance
to the structures visible on the links to INRIM during the link test. In a next step,
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FIGURE 5.4: The TWSTFT phase data for the link between PTB and
INRIM. All outliers are removed and periods of disturbance cut out,
while all corrections are applied. The linear phase drift is removed,
and can be added again to have this data ready for the clock compar-

ison calculation.

the frequency offset is added again to have this data ready for the clock comparison
calculation.

From the phase data, the gap-tolerant modified Allan Deviation is calculated (see
Chapter 4.3). This is shown in Fig. 5.5. Compared to Fig. 4.7 in Chapter 4, most
features discussed there appear again: the increased short-term instability for all
links involving LNE-SYRTE (marked as "a"), the bump at about 100 – 200 s averaging
time ("b"), and a bump at around the same averaging time as diurnal oscillation ("c").
For "b", the averaging time for the maximum of the bump at around 100 s seems to
be the same for all links, however, the instability of the links with involvement of
LNE-SYRTE is higher than during the link test, so a local maximum is barely visible
for these links. Also, the instability at 1 s is higher than during the link test for most
of the links, but due to slightly different slopes, they reach similar instabilities at
"b". For the link between PTB and INRIM, the origin could be the carrier lock losses
which were observed on the signals of PTB and INRIM. From there on, the links
to INRIM are limited in their stability by the feature around "c", which seems to
combine a diurnal oscillation and the phase fluctuations seen during the link test.
The other links do not show a diurnal oscillation. The instability at 1 d is around
1× 10−15 and thus higher than during the link test.

The influence of the TWCP on the TWSTFT measurement is depicted in Fig. 5.6.
As shown before, it is dominant on the link between LNE-SYRTE and PTB, but the
increased noise can be observed on all links to LNE-SYRTE during the time it was
switched on (as shown for the link LNE-SYRTE – NPL in the figure), while it does
not appear on other links during the same time. This shows that the signal itself
does not have any influence on the performance of the broadband TWSTFT, but that
it is originating from the setup at one station, which was later identified to be one of
the splitters, as mentioned above.

Next, the results obtained with the data from the RX channels at PTB which received
the same signal were compared. The modified Allan Deviation for the different
channels is shown in Fig. 5.7, calculated for the whole measurement interval after the
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FIGURE 5.5: The modified Allan Deviation of all TWSTFT links dur-
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ing time for all links, and the diurnal oscillation on some links).
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FIGURE 5.6: The modified Allan Deviations of the links LNE-SYRTE
– NPL and NPL – PTB, both for the period where the TWCP was
switched on and for the period after. Switching the TWCP off has an
impact on the instability, which is significantly lower after the switch-
off for averaging times up to 100 s. The instability of the link NPL –
PTB is for both intervals approximately on the same level as the one
of the link LNE-SYRTE – NPL after the switch-off, showing that NPL
– PTB is not affected by the TWCP. This analysis also shows that the
frequency modulation causing the bump around 100 s averaging time

does not scale with the overall instability.
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to the increased instability for S280, S410 data was chosen for further

calculations.

transponder switch (solid lines) and also for the period when TWCP was switched
off in case for the link LNE-SYRTE – PTB. The instabilities are approximately the
same for averaging times from 200 s onwards. For the link NPL – PTB there is an
obvious increase of the instability for the measurement with S280 for short averag-
ing times: a distinctive feature, similar to an oscillation with a period of just a few
seconds, can be seen here. The interval after the TWCP was switched off revealed
also a slightly higher instability for the link LNE-SYRTE – PTB for data of the mo-
dem S280. As discussed in Chapter 3.1, the modems have different noise properties
and sensitivities to, for example, temperature. Also, the different RX channels of one
single modem can behave quite differently. Here, this can be seen again. Since no
tests were carried out with S280 before the campaigns, the behavior could not be ob-
served before, but the short-term structure on the link NPL – PTB can be attributed
to RX2 of S280. Due to this observation, the data recorded by S410 was used for the
calculation of the relative frequency difference of the optical clocks in Chapter 6.

5.3.1 Comparison of broadband TWSTFT and TWCP during the cam-
paign

A comparison between both techniques can be seen in Figs. 5.8 and 5.9. The TWCP
data was processed by NICT and LNE-SYRTE. In the first figure, the phase data is
shown with the linear drift subtracted. It can be seen that the TWCP has a much
lower short-term instability than TWSTFT, which can be quantified in the modified
Allan Deviations (second figure). There, the instability of TWCP at 1 s is about two
orders of magnitude lower than the same for broadband TWSTFT. However, while
the slope for broadband TWSTFT during the time, when TWCP was not running,
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FIGURE 5.8: The phase data of both links between LNE-SYRTE and
PTB, TWSTFT and TWCP, with a linear drift subtracted. The TWCP

has a significantly lower short-term instability.

indicates the presence of mostly white phase noise, the TWCP measurement is dom-
inated by flicker phase noise with parts of random walk phase noise. The distur-
bance at around 100 s is visible again in both techniques, but scaling with the overall
instability, i.e. the local maximum of the disturbance is increased with respect to
the instability at shorter averaging times by approximately the same factor for both
techniques. Also, the maximum is slightly shifted to shorter averaging times for
TWCP. However, there is no scaling comparing the two TWSTFT intervals, the one
disturbed by the TWCP signal due to a reflection at a splitter and the one after the
TWCP switch-off. This could mean that the noise arising from the splitter in the RX
path when TWCP is switched on is added on top of the frequency modulation at
100 s, while the scaling between TWCP and undisturbed TWSTFT means that this
effect is amplified together with other noise on the signal, which could be a hint that
it is originating from something in the TX part or even within the satellite. The insta-
bility of the double difference between both, TWCP and TWSTFT, is for all observed
averaging times limited by TWSTFT. However, the instability for τ > 100, 000 s has
an increased uncertainty due to the limited measurement interval, and a limitation
by the HMs cannot be excluded.

The TWCP test here shows that the instabilities of TWCP and broadband TWSTFT
approach each other while decreasing, and being not significantly different for longer
averaging times from τ = 1 d on, but TWCP is clearly advantageous for shorter av-
eraging times. The measurement time was limited by the disturbance introduced
on the TWSTFT signal by the splitter at LNE-SYRTE, but still an uninterrupted mea-
surement of almost 10 d could be achieved.

5.3.2 Broadband TWSTFT and GPS PPP during the campaign

GPS PPP was, in contrast to TWCP, introduced into the campaign as an additional
satellite-based comparison technique for the optical clocks. Hence, it was taken care
to have an undisturbed full-time operation of the receivers referenced to the HM
during the campaign. However, events like the power shutdown at LNE-SYRTE that
affected the TWSTFT measurements had also an impact on the GPS measurements.
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FIGURE 5.9: The modified Allan Deviations of the links LNE-SYRTE
– PTB, realized with TWSTFT and TWCP, and the double difference
of both. The period of TWSTFT was split in the time when the TWCP
was switched on and when it was switched off. For most of the time
the TWCP has a lower instability than TWSTFT, but both show a dif-
ferent average behaviour and thus a different noise: TWSTFT shows
noise between white phase and flicker phase noise, while TWCP av-
erages down with components of flicker phase and white frequency
noise, until both reach a similar instability at τ = 10, 000 s. The bump

at 100 s can be seen in TWCP, too.

The PPP calculations were done with the algorithm provided by National Resources
Canada (NRCan) [136]. The implementation of the GPT2 model which improves the
estimation of atmospheric delays was used [179]. As mentioned in Chapter 2.3.3,
PPP is calculated in batches, each batch resolving the phase ambiguity separately,
which leads to phase jumps at the boundaries of these batches. These jumps would
hinder the calculation of the relative frequency differences of the clocks, and are thus
to be avoided. However, the non-white noise of the code can add up for long batches
and make these calculations erroneous. So for this calculation here, the daily batches
were processed in parallel with the long-term batches over 26 d. An example can be
seen in Fig. 5.10. There, the different batch-lengths are shown for the receiver of PTB,
the IGS time is the reference for all PPP calculations. A quadratic fit was calculated
for the long batch and subtracted from both for a better visibility. The black curve
shows the daily batches, and phase jumps at midnight of up to 200 ps can be seen.
The red curve displays the long batch. Both follow the main fluctuations with very
small differences of tens of picoseconds, and larger differences for up to 150 ps are
only visible for a few days in between. Starting at approximately the same phase
value, they end at about 120 ps difference. An error of 120 ps over 26 d would end up
in relative frequency error of 5× 10−17. The other links show differences in the same
order of magnitude. Only for the receiver at INRIM, a large jump of 1 ns occurred
on MJD 57198. The batch was therefore limited to MJD 57197.

For calculating the phase difference between the HMs of the laboratories, a simple
subtraction of the PPP calculations for the concerning receivers was performed, so
the IGS time cancels out. For the further processing, similar steps had been taken for
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and receiver reference time) for the PTB receiver used in the cam-
paign. The black curve shows the calculation based on daily batches,

the red one over one single long batch.

the outlier removal as for TWSTFT. The difference to the phase data of TWSTFT is
the time grid, which is 30 s in case of PPP instead of 1 s.

The phase difference between the HMs of NPL and PTB is displayed in Fig. 5.11,
with TWSTFT in blue and GPS PPP in red. The same linear drift is subtracted for
both for a better comparison. The two data sets of TWSTFT before and after the
transponder switch were aligned. Both TWSTFT and GPS PPP have a similar short-
term noise, while TWSTFT shows more fluctuations. However, both show the same
features. From the starting point on the first day of the campaign to the last day, a
phase difference of about 300 ps over the measurement time of 26 d can be observed.
So a difference between both techniques of about 1 × 10−16 . . . 2 × 10−16 could be
expected for this link.

Fig. 5.12 shows the modified Allan Deviations of the PPP links. The links involving
LNE-SYRTE have an overall shorter measurement time than the other links, since
data from the receiver dedicated to the campaign could not be used, and data from
a backup receiver could be used from MJD 57182 on. The receiver at NPL shows the
highest instability at 30 s, while the instability for longer averaging times is limited
by the receiver of INRIM for the respective links. A weak diurnal oscillation can be
seen on the links between LNE-SYRTE and PTB, and LNE-SYRTE and NPL. The link
between LNE-SYRTE and PTB is the only link showing an instability lower than 1×
10−15, which is similar as for TWSTFT. The modified Allan Deviation of the double
difference between both techniques for the link NPL – PTB is depicted in Fig. 5.13. It
shows that both techniques are indeed limited by the HM at averaging times longer
than 1 d.

5.4 Corrections of TWSTFT measurements

5.4.1 Correction of atmospheric effects on TWSTFT

As described in Chapter 2.3.1, atmospheric delays on the signal paths violate the
reciprocity of the signal path. Hence they need to be considered for a measurement
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FIGURE 5.11: The phase difference between the HMs at NPL and
PTB, measured with TWSTFT in blue and GPS PPP in red. The same

linear drift was subtracted from both for a better visibility.
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in Fig. 5.13.
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1 d averaging time, but decreasing further in the double difference,
which proves that the instability of the links via one technique is lim-

ited here by the HMs.

aiming at high accuracy. Since both, the ionosphere and the troposphere, have a
different impact on the signal, they are considered separately.

Influence of ionosphere

The delay difference between uplink (U) and downlink (D) signal paths at each sta-
tion x caused by the dispersive property of the ionosphere can be calculated [116]:

τU,iono,x − τD,iono,x =
K
c
· TEC(

1
f 2
U
− 1

f 2
D
), (5.3)

with c as the velocity of light, fU and fD as the up- and downlink frequencies, respec-
tively, TEC as the Total Electron Content, describing the amount of electrons per m2,
and K = 40.3 m3/s2 as a constant factor. With this, the two-way equation (Eq. 2.7) for
the phase difference between the HMs becomes:

x(HM1−HM2) =
1
2
(∆T1 − ∆T2)

+
1
2
(τU,iono,1 − τD,iono,1)−

1
2
(τU,iono,2 − τD,iono,2)

+ Cmisc.(t) + const. (5.4)

As described before, the constant parts of the link delays can be neglected, and other
corrections are discussed in the next sections, so they are disregarded for now, too,
and the equation becomes:
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x(HM1 −HM2) =
1
2
(∆T1 − ∆T2)

+
1
2
[
K
c
· TEC1(

1
f 2
U
− 1

f 2
D
)]

− 1
2
[
K
c
· TEC2(

1
f 2
U
− 1

f 2
D
)]

=
1
2
(∆T1 − ∆T2)

+
K
2c

(
1
f 2
U
− 1

f 2
D
) · (TEC1 − TEC2), (5.5)

so the correction to calculate becomes:

xiono =
K
2c

(
1
f 2
U
− 1

f 2
D
) · (TEC1 − TEC2) (5.6)

The electron density strongly depends on solar radiation due to its ionizing proper-
ties, and hence changes its horizontal distribution with diurnal and annual rhythms,
and also within the cycle of solar activity. A variation can be also found in the verti-
cal direction, with the maximum moving between 250 km and 400 km in height [180].
The TEC that is used to calculate the influence of the electrons on signal path delays
can be calculated as a path-dependent integral over the electron density [181]. In
the specific case of an integration over the ionosphere in zenith direction, the TEC
is called vertical TEC (vTEC). All other straight paths through the ionosphere give
a slant TEC (sTEC). Since the geostationary satellite is in general observed at eleva-
tions lower than 90◦, the sTEC needs to be used in Eq. 5.3. The relationship between
the vTEC and the sTEC can be described by a mapping factor Fm [182]:

sTEC = Fm · vTEC (5.7)

This mapping factor can be calculated in different ways, depending on the mapping
function used, but is always dependent on the elevation angle between the ground
station and the satellite. The influence of the ionosphere is hence maximum for time
and frequency comparisons over very long baselines in either east-west direction or
between a station near the equator and one close to one of the poles. In both cases
at least one station observes the satellite at a very low elevation angle, increasing
the length of the signal path within the ionosphere. The effective phase difference
caused by the ionosphere was already calculated for the link between PTB and NICT
and found to be varying from −100 ps to 150 ps [118, 131]. For the clock comparison
here, the values are expected to be smaller, since all participating stations are within
a range of maximum 1000 km and observe ASTRA 3B with elevation angles between
27.1◦ (NPL) and 35.8◦ (INRIM), which is significantly larger than the elevation angles
in the PTB – NICT baseline (3.7◦ and 16.0◦, respectively). Also, like for the relativistic
and geometric effects, only the changes of the delays need to be taken into account.
These are also expected to be less significant than for PTB – NICT, because the time
difference between the zenith position of the Sun is only about 1.5 h for the longest
east-west baseline in this case (NPL – PTB).
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Since the electron density has also a major influence on GNSS signals, TEC values
are determined by using measurements with two different frequencies of GPS satel-
lites, and the results are then used for modeling the atmosphere for GNSS solutions.
Current values as well as TEC archives are available on various websites, e.g. on
the sites by the National Oceanic and Atmospheric Administration (NOAA, USA),
the Jet Propulsion Laboratory (JPL, USA) and by the Royal Observatory of Belgium
(ROB) [183, 184]. For this work, TEC values from the ROB ftp server [185] were
taken. There, vTEC values are provided, calculated from the sTEC measured with
GNSS satellites based on the approximation of a single thin ionospheric layer in the
height of 450 km. The values cover whole Europe, ranging from -15◦ to 25◦ in longi-
tude and from 35◦ to 62◦ in latitude on a spacing of 0.5◦ in each direction. They are
interpolated on time intervals of 15 min. The uncertainty of both the spatial and the
temporal interpolation are recorded as RMS values within the files.

In order to calculate the sTEC values needed for the correction, two things have to
be considered:

• choice of a proper mapping function, and

• adaptation of ground station coordinates.

In the most simplified approaches, the electron density is assumed to be distributed
homogeneously along the signal path and hence the mapping factor is independent
of the actual thickness of the ionosphere. Within this approximation, different ge-
ometries are possible, with the Earth and thus the ionosphere being flat as the sim-
plest one, which is called plane mapping function (see Fig. 5.14 (a)). The mapping
factor Fm is in this case just the sine of the elevation h.

Various mapping functions that take the curvature of the earth into account are de-
scribed by Xu [182], with the approximation of a spherical earth in a first approach.
Combined with the assumption of a homogeneously distributed electron density
from above, the so-called projection mapping function can be obtained. It describes
the case of a single infinitesimal thick layer in a certain height H. Here, the factor Fm
becomes

Fm =
1

cos ζip
, (5.8)

with ζip being the zenith angle at the ionospheric point (IP) (see Fig. 5.14 (b)). This
angle can be calculated with given elevation h and height H:

sin ζip =
R

R + H
· cos h, (5.9)

with R = 6371 km as the mean Earth radius.
In another approach, the ionosphere is viewed as a single layer of a finite thickness
∆H = H2 − H1. This mapping function is called geometric mapping function, and
is shown in Fig. 5.14 (c). The corresponding mapping factor is calculated as follows:

Fm =
s

∆H
(5.10)
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FIGURE 5.14: Depiction of different possible mapping functions: (a)
plane mapping function; (b) projection mapping function, (c) geomet-

ric mapping function.

The signal propagation path within the ionosphere, s, is given by (see [182] for more
details):

s = −(R + H1) cos ζip +
√
(R + H2)2 − (R + H1)2 · (sin ζip)2. (5.11)

Table 5.1 lists Fm of all four stations for the different mapping functions discussed.
Placing the height of 450 km at the center of the ionosphere and thus being in agree-
ment with the source of the TEC data, values for H1 and H2 can be chosen accord-
ingly. Here, 125 km and 775 km were chosen for H1 and H2, respectively, in order
to match with the boundaries of the ionospheric layers with higher contribution to
ionospheric delay, as given in [180].

TABLE 5.1: Mapping factors for the four stations, calculated for dif-
ferent mapping functions, together with the elevation angle h. For
the projection mapping function, the factor is calculated for a height
of the ionosphere of 450 km. For the geometric mapping function, the
factor is calculated for a thickness of the ionosphere of 650 km in a

height of 450 km. The satellite elevation is taken from [186].

Station h FM (plane MF) FM (projection MF) FM (geometric MF)

INRIM 35.83◦ 1.71 1.53 2.30
LNE-SYRTE 30.40◦ 1.98 1.69 2.73

NPL 27.06◦ 2.20 1.80 3.02
PTB 29.01◦ 2.06 1.73 2.84
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FIGURE 5.15: Steps to calculate the coordinates (latitude and longi-
tude) of point B (IP). (a) Based on the projection mapping function, we
calculate ω with given h and ζip. Point A has the same coordinates
as point S. (b) With given angle ω between A and B, the unknown

coordinates of B can be calculated using the azimuth α.

Since the model used by ROB to calculate vTEC out of sTEC values is based on the
projection mapping function, this mapping function was chosen for calculating the
final correction that is applied to the TWSTFT measurement.

For an adequate correction, the coordinates of the station need to be adapted: not the
vTEC values directly above the stations are needed, but the vTEC values in a height
of 450 km in line-of-sight with the satellite, i.e. the coordinates of the ionospheric
point in Fig. 5.14 (b). In order to get the latitude φ and longitude λ of this point, the
angle ω between this point and the station (S) with known coordinates is needed
(see Fig. 5.15 (a)). With ζip calculated above in Eq. 5.9, ω becomes:

ω = 90◦ − h− ζip (5.12)

Independently of ω the point S can be shifted to the position of A, with A having the
same coordinates like S but being on the same sphere as B, a sphere in the distance
H to the surface of the Earth. With the angle between A and B given, trigonometric
relations of spherical triangles can be used:

sin φB = sin φA cos ω + cos φA sin ω cos α (5.13)

and

λB = λA + arccos(
cos ω− sin φA sin φB

cos φA cos φB
). (5.14)

Here, α is the azimuth of point A in direction of point B. The azimuth is also the
same for S and A. A similar derivation of the coordinates of point B can be found
in [187]. In Table 5.2, the station coordinates and the adapted coordinates for the
ionospheric correction can be found, together with the input parameters of eleva-
tion and azimuth of ASTRA 3B for each station. The coordinates and the satellite
parameters are taken from [186].
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TABLE 5.2: Station coordinates (latitude φS and longitude λS), satel-
lite position parameters of ASTRA 3B of these stations (elevation h
and azimuth α) and coordinates of the ionospheric point between the

stations and the satellite (latitude φip and longitude λip).

Station S φS λS h α φip λip

INRIM 45.01◦ 7.64◦ 35.83◦ 158.11◦ 40.39◦ 10.06◦

LNE-SYRTE 48.84◦ 2.33◦ 30.40◦ 152.77◦ 43.50◦ 6.07◦

NPL 51.43◦ -0.34◦ 27.06◦ 150.51◦ 45.53◦ 4.33◦

PTB 52.30◦ 10.46◦ 29.01◦ 163.68◦ 46.30◦ 12.99◦

With both the coordinates and the mapping factors, the ionospheric corrections can
be calculated according Eq. 5.6. A plot of these delays for all links can be found in
Figs. 5.16 and 5.17. As expected, the smallest baseline between two stations, which is
London – Paris (355 km), is least affected by the ionosphere. The maximum effect can
be observed for the link INRIM – PTB, with a maximum peak-to-peak difference of
more than 40 ps. Slightly lower values, between 30 ps and 35 ps, can be found for the
other two PTB links. Although having the longest baseline (930 km), the ionospheric
delay for the link between INRIM and NPL reaches a peak-to-peak difference of ap-
prox. 20 ps. Another feature visible here is that the links with a higher longitude
difference show a distinctive diurnal-like oscillation variation. This is also visible in
the modified Allan Deviation in Fig. 5.18. In Table 5.3, the baseline distances and
the difference in latitude and longitude are listed for each link, together with the
instability at averaging times of 0.5 d (as reference for the diurnal oscillation) and
1 d, taken from the modified Allan Deviation plotted in Fig. 5.18. Also, the differ-
ence between the two transponders is clearly visible in Figs. 5.16 and 5.17: the first
transponder, used for the time of MJD 57177 until 57182.5, has a smaller difference
between up- and downlink frequency (14.105 GHz and 12.605 GHz for the first and
14.275 GHz and 11.475 GHz for the second transponder).

Comparing the ionospheric delay variation to the instability of the satellite links
during the campaign, the impact of the ionosphere was found to be smaller than
one order of magnitude compared with other effects. It can be thus considered to be
negligible, however, it was added to the TWSTFT data for correctness.

TABLE 5.3: For each link, the relative position of the stations to each
other (baseline length, difference in longitude, difference in latitude
in the second, third and forth columns, respectively) are listed, since
it is the most relative parameter for the impact of the ionosphere that
is different for each link. The impact of the ionosphere is given as
relative instability (modified Allan Deviation σmod) of the variation

of the ionospheric delay for different averaging times.

Link baseline ∆λ ∆φ σmod at τ = 0.5 d σmod at τ = 1 d

LNE-SYRTE - NPL 355 km 2.67◦ 2.59◦ 3.46× 10−17 1.36× 10−17

INRIM - LNE-SYRTE 585 km 5.31◦ 3.83◦ 7.48× 10−17 1.96× 10−17

LNE-SYRTE - PTB 690 km 8.13◦ 3.46◦ 15.37× 10−17 3.69× 10−17

NPL - PTB 755 km 10.80◦ 0.87◦ 14.98× 10−17 3.04× 10−17

INRIM - PTB 825 km 2.82◦ 7.29◦ 17.75× 10−17 4.57× 10−17

INRIM - NPL 930 km 7.98◦ 6.42◦ 10.13× 10−17 3.03× 10−17
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FIGURE 5.16: Ionospheric corrections for three of the links during
the clock comparison campaign (first figure out of two). During the
first few days, the up- and downlink frequencies were 14.105 GHz
and 12.605 GHz, respectively, while after the transponder switch the
frequencies 14.275 GHz and 11.475 GHz were used for up- and down-

link, resulting in higher ionospheric-induced phase changes.
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FIGURE 5.17: Ionospheric corrections for three of the links during the
clock comparison campaign (second figure out of two). During the
first few days, the up- and downlink frequencies were 14.105 GHz
and 12.605 GHz, respectively, while after the transponder switch the
frequencies 14.275 GHz and 11.475 GHz were used for up- and down-

link, resulting in higher ionospheric-induced phase changes.



5.4. Corrections of TWSTFT measurements 81

m
od

if
ie

d
 A

ll
an

 D
ev

ia
ti

on

1e−19

1e−18

1e−17

1e−16

1e−15

1e−14

 

τ [s]
1e+03 1e+04 1e+05 1e+06

 

INRIM - LNE-SYRTE
INRIM - NPL
INRIM - PTB
LNE-SYRTE - NPL
LNE-SYRTE - PTB
NPL - PTB

TWSTFT link instability

FIGURE 5.18: Modified Allan Deviation of the ionospheric correc-
tions for all links during the clock comparison campaign.

Influence of troposphere

The dispersive property of the troposphere is considered to be so small for frequen-
cies up to 20 GHz that the ITU recommendation for TWSTFT measurements does
not provide any correction. However, predicting precise TW measurements for the
future, a theoretical analysis of the influence of the troposphere for long baselines
was carried out in 2007 [118].
There, calculations were carried out for the link PTB – NICT, a long baseline with
low elevation angles. Like for the ionosphere, this link can be used as a worst-case-
estimation: not only because of the increased signal path due to the low elevation,
but also since the difference in humidity and temperature are relatively high for
both stations, and the daily change of the temperature is also shifted by approxi-
mately 12 h. As a result, a maximum peak-to-peak difference of 4 ps was found over
a 300 d period, and the relative frequency instability is below 1× 10−17 for τ = 1 d.
Since the value found for this long-baseline link would already negligible for the
measurement analyzed in this work, the non-reciprocities introduced by the tropo-
sphere were considered to be small enough to be discarded.

5.4.2 Correction of the Sagnac effect

Like the ionospheric correction, the correction of the Sagnac effect is only compen-
sating for the variation of this effect, since a constant phase difference is irrelevant
to the resulting frequency difference. As discussed in Chapter 3, station coordinates
and position and velocity of the satellite are parameters needed for the calculation 1.
The stations’ coordinates are already known within an accuracy of 12 m due to the

1The calculation of the Sagnac correction was carried out for both the link test and the clock com-
parison campaign by a cooperation of LNE-SYRTE and NPL, and provided to PTB
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requirement for GNSS time transfer (all four NMIs have GNSS antennas close to the
TWSTFT roof stations), which was found to be sufficient for the accuracy require-
ment for these calculations.

In Figs. 5.19 and 5.20, the time series of the final corrections are shown. Two different
structures are visible, a diurnal oscillation and a periodic structure with a maximum
approx. every 14 d. This is consistent with the calculations provided before the
campaign based on estimations [171]. There, the Sagnac effect variation and the path
delay difference variation were separately calculated based on older data provided
by SES. The diurnal oscillation of the Sagnac effect can reach 36 ps in peak-to-peak
difference.
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FIGURE 5.19: Sagnac corrections for three of the links during the clock
comparison campaign (first figure out of two). An average value
of several nanoseconds (different for each link) was subtracted from

each time series.
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FIGURE 5.20: Sagnac corrections for three of the links during the clock
comparison campaign (second figure out of two). An average value
of several nanoseconds (different for each link) was subtracted from

each time series.



84 Chapter 5. The clock comparison campaign

The diurnal structure has the maximum amplitude on the link NPL – PTB, whereas
the long-term oscillation is maximum on the link INRIM – NPL, and being in general
more significant on the INRIM-related links.

The magnitude of both observations on the links depends most likely on the orien-
tation of the baseline with respect to the signal paths, i.e. the lines-of-sight between
the stations and the satellite.

Similar to the diurnal structure having its origin in the residual daily movement of
the satellite, the long-term oscillation can also be referred to the satellite movement.
Alongside with the gravitation of the Sun, other forces like the gravitation of the
Moon, non-spherical parts of the Earth’s gravitation and solar radiation pressure
cause a displacement of the satellite with respect to its orbit. The effective gravitation
of both Sun and Moon at a given time of the day changes with the position of the
Moon during one month, the perturbation arising from this is maximum twice per
month, when Sun, Moon and Earth are aligned in one line [188].
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Chapter 6

Analysis of the clock comparisons

To calculate the relative frequency difference (and from there the frequency ratio in
case of clocks based on different transitions) between two atomic clocks (AC) via
TWSTFT (or GPS PPP), three sets of data are needed:

(1) y1 = y(AC1 −HM1)(t)
(2) y2 = y(AC2 −HM2)(t)
(3) xlink = x(HM1 −HM2)(t),

(6.1)

where x denotes phase-time data and y fractional frequency data. The last one rep-
resents the phase difference between the HMs measured with the satellite links, and
its properties relevant for the analysis are discussed in detail in the previous chap-
ter. It is hereafter referred to as "link data". It is a phase measurement that can easily
be converted into a time series of relative frequencies, if the measurements have a
constant spacing:

ylink(t) =
xlink(t + ∆t

2 )− xlink(t− ∆t
2 )

∆t

= y(HM1 −HM2)(t)
(6.2)

The data sets (1) and (2) in Eq. 6.1, called hereafter "clock data", are the local mea-
surements of the atomic clock (optical ion/lattice or microwave fountain) against the
reference HM. Information about the clocks and a description of the corresponding
data provided are given in the first section of this chapter. The sections following
after describe the calculations, starting with an overview over the challenges faced,
and then going into detail for the calculations of the frequency comparisons for the
optical lattice and ion clocks (short optical clocks, OC) and the microwave fountain
clocks (short fountain clocks, FC). The last section presents and discusses the results.
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6.1 Clocks operated during the campaign

Table 6.1 provides an overview over all clocks operated during the campaign, in-
cluding typical systematic uncertainties and the percentage of operation during the
campaign (uptime), relative to the whole 26 d interval in case of the optical clocks,
and relative to a fixed 12 d and 16 d interval, respectively, for the fountain clocks.
Details on the intervals for the fountain clocks are given in Chapter 6.3.1, since the
choice of these intervals originate from the way the data y(FC−HM) is provided,
the calculation method and common uptimes. The last column of the table contains
some references for the respective clocks.

TABLE 6.1: Overview of the clocks that were compared and their
estimated systematic uncertainties uB. In addition, the uptimes dur-
ing the campaign are listed. For the optical clocks, the uptime refers
to the whole duration of the campaign (26 d), whereas for the foun-
tain clocks, two different measurement intervals were analysed (12 d
and 16 d, see Chapter 6.3.1). This is the reason why in three cases
an uptime span is indicated. The two optical clocks of NPL reach a
combined uptime of 88%, i.e. when at least one of two clocks was in
operation, and the two optical clocks of PTB a combined uptime of

61%.

Institute Clock uB Uptime References

Optical clocks

LNE-SYRTE Sr2 (87Sr lattice) 4.1× 10−17 68% [40, 95]

NPL
87Sr lattice

171Yb+ single-ion (E3)
6.8× 10−17

1.1× 10−16
77%
74% [189]

PTB
87Sr lattice

171Yb+ single-ion (E3)
1.9× 10−17

3.2× 10−18
49%
33%

[40]
[76]

Fountain clocks

INRIM ITCsF2 2.3× 10−16 97% [24]

LNE-SYRTE
FO1
FO2

FO2-Rb

3.6× 10−16

2.5× 10−16

2.7× 10−16

71% – 75%
77% – 79%

80%

[25]
[25, 190]
[25, 191]

PTB CSF1
CSF2

3.0× 10−16

3.0× 10−16
98%

84% – 87%
[22] 1

[22] 1

In order to calculate properly a relative frequency difference between the atomic
clocks, the relativistic redshifts of the clock frequencies must be taken into account.
For the calculation of the redshifts the difference of the gravity potential at the clock
locations has to be determined. For this work, only static potential differences are

1The relevant systematic uncertainty budgets of CSF1 and CSF2 of PTB are in general close to those
reported to the BIPM for the calculation of UTC/TAI for June 2015 (Circular T330 [192]). For CSF1,
however, the distributed cavity phase shift was re-evaluated after the clock comparison campaign,
which retrospectively results in a significantly reduced overall systematic uncertainty of CSF1.
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TABLE 6.2: Data used to derive the relativistic redshifts of the clock
frequencies. CRefMk is the geopotential number for a specific nearby
reference marker based on the geodetic GNSS/geoid approach [194,
195], ∆H is the local height difference between the clock and a spe-
cific reference marker with ∆H = Hclock − HRefMk, g is the local ac-
celeration due to gravity derived from an FG5-X absolute gravime-
ter measurement (with an uncertainty far below the significant digits
quoted here), and Cclock is the final geopotential number for the clock
point. The underlying coordinate reference frame is ITRF2008 with
the epoch 2005.0, and the zero reference potential for the geopoten-
tial numbers is W0 = 62 636 856.00 m2s−2. The uncertainties for ∆H
and for the geopotential numbers Cclock are given in parentheses, the

uncertainty of CRefMk is 0.22 m2s−2.

Institute Clock
Reference
marker

ID

Geopotential
number for

reference marker
CRefMk [m2s−2]

Height
differ-

ence ∆H
[m]

Local
gravity

acceleration
g [ms−2]

Geopotential
number for
clock Cclock

[m2s−2]

Redshift
correction

∆ν
ν

[10−15]

INRIM ITCsF2 CS104 2323.32 1.020(10) 9.8053 2333.32(24) -25.9617(27)

LNE-
SYRTE

Sr2
FO1

FO2-Cs
FO2-Rb

SR2
FO1
FO2
FO2

545.06
613.42
579.63
579.63

0.201(5)
0.761(10)
0.962(10)
0.886(10)

9.8093

547.03(23)
620.89(24)
589.06(24)
588.32(24)

-6.0865(25)
-6.9083(27)
-6.5542(27)
-6.5459(27)

NPL
87Sr

171Yb+ E3
G4L10
G4L16

96.54
96.58

1.290(10)
1.081(5) 9.8118 109.20(24)

107.19(23)
-1.2150(27)
-1.1926(25)

PTB

87Sr
171Yb+ E3

CSF1
CSF2

PB02
KB02
KB02
KB02

763.84
753.04
753.04
753.04

0.538(3)
1.001(3)
1.632(5)
1.526(5)

9.8125

769.12(22)
762.86(22)
769.05(23)
768.01(23)

-8.5576(25)
-8.4880(25)
-8.5569(25)
-8.5453(25)

considered, since variations with time (due to, e.g., ocean tides) do affect the clocks
only within the low 10−17 range [193].

The potential was determined with the GNSS/geoid method in a first approach,
using an improved European gravimetric quasi-geoid model (EGG2015), which is
based on new gravity measurements at reference points close to all clock sites. In a
second step, the geometric leveling method is applied locally to determine the po-
tential of the clock positions relative to these points. Table 6.2 shows all relevant
parameters for this determination, including the differential redshift. The uncer-
tainties for the differential redshift are less than 4× 10−18, which corresponds to an
uncertainty lower than 4 cm in height 2. More details about the gravity potential, the
relativistic redshift and the methods for determination, including models used for
the determination here, can be found in [15, 194, 195].

The clock data of the optical clocks is provided on a time grid of 1 s. The Allan Devia-
tion of these time series y(OC−HM)(t) is depicted in Fig. 6.1. An algorithm similar
to the modified Allan Deviation was used to treat the gaps on the data properly [176],

2The calculations of of the relativistic redshift were carried out by Leibniz University of Hanover
(LUH, Institut für Erdmessung). The local gravity measurements were carried out by staff of the re-
spective institutes, and collected by LUH. Table 6.2 with the caption was provided by H. Denker and
other coauthors of [52].
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based on [61]. For NPL and PTB, the data of the two local clocks was combined by
using the locally measured difference between both and filling the gaps in the time
series of one clock with the data from the other clock in case it was operating dur-
ing that time. The observed instability here is, of course, the instability of the HM.
Also, it has to be noted that the values for the Allan Deviations can not be directly
compared with the modified Allan Deviations of the links, since the Allan Deviation
does not distinguish between the white phase noise of the maser and flicker phase
noise. In case of LNE-SYRTE, a cryogenic sapphire oscillator (CSO) is used to gain
a lower short-term instability [196]. The hydrogen maser is steered approximately
every 1 h by the CSO.
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FIGURE 6.1: Allan Deviation of the frequency measurements between
the optical clocks and the hydrogen masers. For NPL and PTB, the
data sets used are from a combination of both clocks: the gaps of one
data set are filled with data from the other one and shifted by the re-
sult of the local relative frequency difference measurement. At LNE-
SYRTE, a cryogenic sapphire oscillator is used for averaging times

below 1 h to gain a lower instability in this range.

6.2 Calculating the relative frequency difference between op-
tical clocks

In the ideal case, all three time series from Eq. 6.1, y1, y2 and ylink(t) (from xlink(t), as
calculated via Eq. 6.2) cover the same period, are continuous on the same time grid
and show only white frequency noise. From that, the calculation of the frequency
difference between the two clocks would be straight-forward:

y(OC1 −OC2)(t) = y1(t)− y2(t) + ylink(t) (6.3)

A mean value ȳ(OC1 −OC2) could be calculated, and for the estimation of the sta-
tistical uncertainty the standard deviation of the mean could be used.

However, as pointed out in the previous chapter for the link data, there are often
disturbances in reality that can lead to excursions and gaps on the data, and there can
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be other noise types and technical fluctuations as well. In addition to the incidents
during the campaign that affected the TWSTFT data, data gaps are also observed on
the optical clock data, so there is only limited common operation time of two clocks
and the corresponding link. An overview over the uptimes of all optical clocks and
the TWSTFT links can be seen in Fig. 6.2.

MJD - 57177
0 5 10 15 20 25

Sr lat. (LNE-SYRTE)

Sr lat. (NPL)

Sr lat. (PTB)

Yb ion (NPL)

Yb ion (PTB)

MJD - 57177
0 5 10 15 20 25

INRIM - LNE-SYRTE

INRIM - NPL

INRIM - PTB

LNE-SYRTE - NPL

LNE-SYRTE - PTB

NPL - PTB

Optical clocks

TWSTFT links

FIGURE 6.2: Periods of measurement times during the campaign of
all optical clocks involved (above) and the broadband TWSTFT links
(below, as in Fig. 5.2 in Chapter 5.2). Periods with technical distur-

bances resulting in outliers were already discarded.

One possibility is to combine the data according to Eq. 6.3 only for times t where all
data sets overlap, but with this, the final time series would contain a lot of gaps and
be dominated by the white and flicker phase noise of the link, and the respective un-
certainty for a simple average (average with equal weights, so-called "Π"-averaging)
in this case would be in the 10−14 range.

Another approach is to perform Π-shape pre-averaging of the three data sets sep-
arately before combining the values to one mean frequency difference, but in that
case, the uncertainty is limited by the instability of the HM. So, a pre-average pro-
cess for the link is required to suppress the white and flicker phase noise.

Thus, in order to find the best way to calculate the relative frequency difference
between two clocks and the respective uncertainty, a compromise between the fol-
lowing tasks need to be found:

• minimize the phase noise of the link with appropriate averaging,

• use only overlapping data to have the HMs effectively cancel out,

• discard as few data as possible.
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6.2.1 The tool for the uncertainty estimation

According to the Guide to the Expression of Uncertainty in Measurement (GUM) [53], the
statistical uncertainty (type-A uncertainty) uA corresponding to a mean value ȳ of

measurements yi is the square root of the variance of the mean,
√

σ2
ȳ . The commonly

used estimator for that variance is the standard variance of the mean s2
ȳ:

s2
ȳ =

n
∑

i=1
(yi − ȳ)2

n(n− 1)
(6.4)

However, this estimator is only unbiased in absence of correlations and therefore in
the case of white noise (white frequency noise for yi being relative frequency values).
Based on approaches that take correlations and weights into account [197–199], a dif-
ferent estimator has been derived for this work. A detailed derivation can be found
in Appendix B. Including the weights for this calculation does not only allow for a
mean ȳ(OC1 −OC2) based on non-equal weights, but also for the treatment of gaps:
each time stamp on a given continuous time grid with a non-existing measurement
value is assigned to a weighting factor of zero. The estimator for the variance of the
mean ȳ of N measurements with weights w used is the following:

s2
ȳ =

N

∑
i=1

wiR0 + 2
lcut

∑
l=1

Rl

N−l

∑
j=1

wjwj+l (6.5)

Here, R is a non-normalized estimator of the autocovariance, with R0 as the estima-
tor of the population variance, and Rl at lag l:

Rl =

N−l
∑

i=1

√
wiwi+l(yi − ȳ)(yi+l − ȳ)

N−l
∑

i=1

√
wiwi+l

(6.6)

Several things should be noted for these formulas. First, it has to be noted that the
weights are normalized, i.e. ∑N

i=1 wi = 1. The sum in Eq. 6.5 over all Rl is the term
taking into account all correlations for the lag l > 0. For white frequency noise, these
Rl are zero, and the uncertainty is represented by the first term, which resembles the
estimator for the variance of the mean for the presence of normalized weights. The
Rl can be normalized by dividing Rl by R0, which results in the ACF with the value 1
for l = 0. Positive correlations, i.e. Rl > 0, lead to an increased value for the statistical
uncertainty, while negative correlations decrease the uncertainty, as, for example, in
the case of white phase noise. Another important aspect in the introduction of a
cutoff lag lcut. Calculations in the literature show that the estimator for Rl becomes
erroneous for larger lags l, thus, a cutoff lag needs to be chosen to take all significant
correlations into account.
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6.2.2 The calculation of the mean

With this tool at hand, the initial objective, the calculation process of the mean rela-
tive frequency difference, can be developed. The processing of the data to obtain an
average relative frequency is depicted in Fig. 6.3 for the Yb+ clock pair of NPL and
PTB, shown for two days as example.

The method for the determination of the uncertainty puts a limitation to the prepro-
cessing of the link phase data xlink: for the proper calculation of the R, the sample
size should not be reduced significantly. Hence, instead of simple piece-wise aver-
aging, a moving average was chosen, with the averaging window τ = 1 d. With this,
the link noise in general that is dominating up to averaging times of 0.5 ...1 d, but
especially the white phase noise, can be suppressed. Also, diurnal oscillations or
disturbing effects with periods close to 1 d are minimized. A weight is assigned to
each x̄link,i, proportional to the number n of phase samples that are comprised in the
averaging window, i.e. n = 0...86400. Additionally, the time stamps t were averaged
in the same way, to assign each averaged phase value x̄link,i to the effective point of
time where the phase values are valid. However, in order to not generate additional
samples via averaging, gaps are cut into the averaged data for the times where the
original data had gaps, too. This step is illustrated in Fig. 6.3 (a): The black curve
resembles the un-averaged phase values, the blue curve the averaged phase values
x̄link,i. In a next step, the phase data were converted into relative frequency data ylink
as in Eq. 6.2 on steps of ∆t = 1 s. Investigations were made with larger ∆t, however,
it was found that this would introduce artificial correlations at lags l larger than the
chosen lcut. The sample number n of the averaged phase data were transformed
accordingly into weights wlink:

wlink(ti) =
n(ti)n(ti+1)

n(ti) + n(ti+1)
(6.7)

Both ylink(t) and the corresponding weights wi can be seen in Fig. 6.3 (b). They are
not yet normalized to unity.

For the same reason – to not artificially introduce correlations on the clock data – a
pre-averaging was not done for the corresponding clock data y1 and y2. However,
there is a benefit for the data of both PTB and NPL, where two clocks A and B (Sr and
Yb+) were operated: the gaps of clock A could be filled up in case clock B was run-
ning during that time by using the locally measured frequency ratio between both
clocks. This is depicted in Fig. 6.3 (c) and (d). This procedure is justified, because the
uncertainty for this measurement is negligible with respect to the uncertainty of the
remote comparison, and was carried out in previous campaigns [200]. The values
used here for ν(Yb)/ν(Sr) were measured during the campaign, internally calcu-
lated by the respective working groups at NPL and PTB, and provided by these for
this calculation.

The clock data y1(t) and y2(t) were subtracted for times t where both overlap (as a
first step of Eq. 6.3), and simple weights wclock were introduced:

wclock(ti) =

{
0 at gaps
1 elsewhere.

(6.8)
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(a)

(b)

(c)

(d)

(e)

FIGURE 6.3: Scheme of data analysis procedure, shown for the com-
parison of Yb+(PTB) and Yb+(NPL) via TWSTFT for two days of the
campaign. The upper left graph, (a), shows the phase data of the link
between the masers of PTB and NPL, with the frequency offset of
the whole measurement interval removed for a better visibility. The
black symbols show the measured data, with outliers removed, the
blue dots the moving average with an averaging window of 1 d. Data
gaps from the original data are maintained for the sliding averages.
The blue symbols in (b) show the relative frequency calculated from
the averaged phase data in (a). The weights are depicted in orange.
The graphs in (c) show the locally measured differences between the
hydrogen maser and the optical clocks (in pink for PTB, in black/grey
for NPL). The dark data are from the Yb clocks, the light data are from
the Sr clocks. The Sr clock data is shifted by −3× 10−13 for a better
visibility. The Sr clock data are used to fill the gaps in the Yb data,
which results in the graphs shown in (d). In (e), the final step is de-
picted. The two time series of (d) are merged into one yclock(PTB−NPL)
(in red), and in blue the frequency difference of the hydrogen masers
(blue graph from (b)) is shown. Both time series are subtracted in
order to get the frequency difference of the two Yb clocks (black sym-

bols).

The result of this difference can be seen in red in Fig. 6.3 (e), where ylink(t) from
(b) appears again in blue. After that, the second step of Eq. 6.3 is carried out by
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merging both the frequency data from the link and from the clocks to one time series
y(OC1 −OC2)(t), shown in black in Fig. 6.3 (e). Normalized weights are calculated
as follows:

w(ti) =
wclock(ti)wlink(ti)

∑N
i=1 wclock(ti)wlink(ti)

. (6.9)

From y(OC1 −OC2)(t) and w(t), a weighted average is calculated, ȳ(OC1 −OC2).

In case of GPS data, the link is on a time grid of 30 s. The procedure was adapted
accordingly, using a moving average with τ = 30 s on the clock data y1 and y2 to
establish a respective time grid. The PPP processing could be carried out for the
whole duration of the campaign in case of NPL and PTB, so gaps on the data of
y(OC1−OC2) were only originating from the optical clocks. In case of LNE-SYRTE,
the PPP processing was limited to the period of MJD 57183.0 – MJD 57198.0 due to
the data availability of the GPS receiver.

6.2.3 Estimation of the statistical uncertainty

For the statistical uncertainty, the estimator as according to Eq. 6.5 was used, with
lcut = 4000 in each case. The criterion for choosing an appropriate cutoff lag was
a compromise between avoiding erroneous calculations for higher lags and taking
into account existing correlations on the data, with a focus on positive correlations
in order not to underestimate the uncertainty. The value 4000 was found by first
analyzing the individual time series for correlations before processing, i.e. before
averaging or merging. With this, intervals of several days interrupted by only a few
short gaps could be taken for a calculation of an ACF. Secondly, the statistical uncer-
tainty of ȳ(OC1 −OC2) was calculated using different lcut, and both a lower and a
higher lcut lead to a lower uncertainty. More details can be found in Appendix B.

For lower lcut it is thus justified to assume that significant positive correlations are
not taken into account properly. The fact that the uncertainty is decreased in case
of higher lcut might have different reasons, like the introduction of artificial correla-
tions due to the processing or an erroneous calculation of the ACF due to the higher
amount of gaps, but there is also the possibility that the higher amount of negative
values of the ACF are "real correlations" and the decrease of the statistical uncer-
tainty is justified. The decision to take lcut = 4000 could therefore lead to a slight
overestimation of the statistical uncertainty, but it was decided that taking this risk
is a preferable solution in contrast to underestimate the uncertainty due to errors.

Regarding the two terms in Eq. 6.5, there is one thing interested to note with respect
to the real data used. The first one, representing the biased standard deviation of
the mean taking the weights into account, but disregarding the correlations, is ap-
proximately twice as large as the second one which handles the correlations, and
both have an opposite sign, which means negative correlations still predominate on
the ACF until the lag lcut. Therefore, taking the correlations into account leads to a
smaller statistical uncertainty than the estimator which is only unbiased for white
frequency noise. This originates from the suppressed white and flicker phase noise.

Since the data used for the evaluation of the statistical uncertainty comprises both
the link and the clock data, the contribution of the optical clocks to the statistical
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uncertainty is already included in this value. It can be safely assumed that it is
negligible compared to the contribution of the satellite links.

6.2.4 Estimation of the systematic uncertainty

For the systematic uncertainty, the considered contributions originate from both the
clocks and the link. The systematic uncertainty from the clocks involved were eval-
uated independently from the campaign and can mostly be found in the references
given in Table 6.1. In case of PTB and NPL, where gaps on the data of one clock
were filled with data of the other clock by using the locally measured frequency ra-
tio, a weighted uncertainty out of the two systematic uncertainties of the clocks was
calculated, based on the amount of data used from the other clock to fill the gaps.

To estimate the systematic uncertainty from the satellite links, various influences
were evaluated. In case of TWSTFT, a contribution from the ionospheric correction
was investigated by calculating the corrections with different parameters (change of
the coordinates, change of the height h as the center of the ionosphere), applying
them and calculate the results. Deviations from the actual obtained results of 2×
10−17 were found, which are taken as contributions to the systematic uncertainty.

From all pre-investigations of the hardware used for the campaign, the impact of
temperature was found to be crucial, both in the laboratory and on the roof at the
outdoor equipment. Since the calculation of a temperature correction for the data
was not considered to be feasible, its impact has to be considered in the uncertainty.
Fluctuations with a period of up to 1 d are significantly reduced due to the pre-
averaging of the phase, and fluctuations in general are represented as statistical fluc-
tuations on uA. However, there is still the possibility of having a phase drift which is
undetected by the statistical uncertainty evaluation, either due to a real temperature
drift or oscillations that do not cancel out due to the presence of gaps.

As the relevant temperatures were carefully monitored during the campaign at all
stations, an estimation of such a drift could be carried out by combining these mea-
surements and approximate temperature coefficients to generate in a first step a time
series of phase data that describes the impact of temperature on the link measure-
ments over the whole campaign. In a second step, the same analysis process that
was used for the original link phase data was performed, with inserting gaps for
times where gaps were present in the original link data.

The absolute value of the resulting weighted mean of relative frequency was taken
as temperature-induced contribution to the systematic uncertainty. Since both in-
and outdoor temperature were measured and the respective equipment has different
temperature coefficients, more than one time series of temperature-induced phase
data was created per laboratory: two in the case of TWSTFT (in- and outdoor), and
three in the case of GPS (indoor for the receiver, and two outdoor for the cables and
the antenna, respectively). This results in having four contributions to the systematic
uncertainty, i.e. four results of a relative frequency deviation, to one link in case of
TWSTFT and six in case of GPS, which were added in the commonly used simplified
way of error propagation: by calculating the square of each contribution, adding
them and forming a square root of this sum.
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For the TWSTFT links, the coefficients for both indoor and outdoor equipment as
described in Chapter 3 were taken: 50 ps/K as a mean coefficient for the combina-
tion of TX and RX of one modem (indoor contribution) and 5 ps/K as the coefficient
of the outdoor equipment (converters/amplifier/transceiver). The indoor equip-
ment contributions were found to have values in the 10−18 range up to the low 10−17

range, depending mostly on the institute and thus the overall temperature stabiliza-
tion. The outdoor equipment contributions were found to be varying not only by
institute, but also for the links, which is a result of the different measurement inter-
vals and gaps for the corresponding links. While most values are in the low 10−17

range, in case of the link between PTB and LNE-SYRTE, the LNE-SYRTE outdoor
contribution is dominating the uncertainty with a value of 9× 10−17. This link has
the largest amount of gaps while having a shorter measurement interval than other
links. Thus, outdoor temperature fluctuations do not cancel out as well as for longer,
uninterrupted measurement times. Since the outdoor equipment at PTB was kept in
an environment of temperature stabilization, temperature differences between dif-
ferent days did not affect the equipment.

For the GPS measurements, temperature coefficients for the main components (re-
ceiver, antenna and antenna cable) were taken from the literature for the analy-
sis [201–203]. From there, coefficients of 9 ps/K in case of PolaRx4 receivers (PTB
and LNE-SYRTE) and 13 ps/K for the Dicom GTR50 receiver (NPL) were taken,
based on measurements with receivers of the same company, but different mod-
els (PolaRx3 and Javad GTR, Javad receivers are used for Dicom GTR receivers). A
coefficient of 10 ps/K, which is a general conservative estimation for antennas for
measurement times longer than a few days, was taken for all institutes, and a value
of 0.03 ps/(K·m) for the antenna cables, which were of the same type at LNE-SYRTE,
NPL and PTB. Details about the cables can be found in table A.5 in Appendix A.

Different calculations were carried out for the cables, splitting the length of the ca-
bles in an indoor and outdoor contribution, depending on the length being in a sta-
bilized environment and being exposed to the temperature changes at the outside.
However, it was found that most cable contributions are smaller than 1× 10−17, even
if the whole cable (up to 50 m) was considered to be part of the outdoor equipment.
The contributions by the receivers are approximately in the same range, but similar
to the observation for the case of TWSTFT, more stable than the outdoor cable con-
tribution. For all links, the dominating contribution for the systematic uncertainty
of GPS PPP is the contribution introduced by the antenna, varying from 0.1× 10−16

to 1.1× 10−16. As in the case of TWSTFT, the contributions differ not only for the
single laboratories, but also for the links. Even though GPS PPP data is almost con-
tinuous over the measurement period, the difference for the links introduced by the
different gaps of the clock data can result in a significantly different contribution: In
case of LNE-SYRTE, where the intervals are the same for both links, the respective
contributions are 0.8× 10−16 and 1.1× 10−16.

6.3 Calculating the relative frequency difference between mi-
crowave frequency standards (fountain clocks)

The limitations given by the clock data are different in the case of the fountain clocks.
In contrast to the optical clocks, the fountain clocks were operated without any ma-
jor interruptions, but the concept of operation usually provides frequency values
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in intervals significantly longer than 1 s. Furthermore, the statistical uncertainty of
the fountain clocks for averaging times of 1 d is in the lower 10−16 range, which is
the same range of instability as the satellite link performance. For these reasons a
different analysis procedure was applied for the fountain comparisons.

The high percentage of operation time of the fountain clocks allows the approach
of determining average frequency values for each time series in eq. 6.3 separately
before merging them to one average value ȳ(FC1 − FC2).

So in a first step, a coherent measurement interval common for the fountain clocks
and the TWSTFT links was identified. Since the mean frequency differences between
the fountains and the hydrogen masers over a certain interval are provided by the
fountain clock operators, one interval for all comparisons was chosen. The limitation
for the beginning of this period was set by the change of satellite transponder, and
the point in time for the ending of the period was defined by both the operation time
of INRIM’s fountain clock ITCsF2 and the TWSTFT link to LNE-SYRTE. The interval
chosen was MJD 57183.0 – 57199.0 (∆tFC = 16 d).

For each fountain clock an averaged value ȳ(FC−HM) was calculated for the spe-
cific interval. To evaluate the mean frequency difference between the distant hydro-
gen masers ȳlink, a linear fit of the measured phase data for the TWSTFT link during
24 h at the beginning and at the end of the interval was calculated. With this, a sim-
ilar pre-averaging as for the optical clock comparison calculations was performed,
with the same purpose: to suppress white and flicker phase noise and diurnal oscil-
lations. In each case, the center of the 1 d-intervals for the linear fit was 0:00 UTC of
the first/last day of the respective comparison interval. The resulting phase differ-
ence was then divided by the duration of the interval (∆tFC).
From the averaged frequency values ȳlink, ȳ1 and ȳ2, the relative frequency difference
was calculated similarly to eq. 6.3.

Again, the process was adapted for GPS accordingly. Due to the processing of GPS
data on a daily base and several events limiting the data availability of receivers of
INRIM and LNE-SYRTE, the interval used was shorter: MJD 57184.0 – 57196.0 (12 d).

6.3.1 Estimation of the uncertainty

For the estimation of the statistical uncertainty of the link, two considerations can be
made: (1) The modified Allan Deviation σmod at an averaging time of τ = 1 d can be
used for an uncertainty estimation for the linearly interpolated phase values, and (2)
an estimation of the uncertainty for measurement periods of τ > ∆tFC is given by the
link uncertainty for the optical clock comparisons τ = ∆tOC. From these two points,
an interpolation for the statistical uncertainty of ∆tFC = 16 d can be made. In order
to do so, an assumption for the noise type at these averaging times and in between
will be made, but having two points available, this assumption is more justified than
just extrapolating from the last points of the modified Allan Deviation to the whole
measurement interval. An overview of ∆tOC and ∆tFC for each comparison is given
in Table 6.3.

Since the modified Allan Deviation is a biased estimator for the uncertainty, it needs
to be converted into an uncertainty value by multiplying an additional factor, as
shown in [62]. This conversion factor, however, depends not only on the type of
weighted averaging, which is known, but also on the noise type. So an iterative
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TABLE 6.3: Length of intervals for the comparison of fountain clocks
(∆tFC) and optical clocks (∆tOC). Only for the link LNE-SYRTE – PTB
a direct interpolation is possible, since INRIM was not involved in
the optical clock comparisons. However, the data of the links with

involvement of NPL were used as an estimation.

Link/Technique ∆tFC in d ∆tOC in d

INRIM – LNE-SYRTE (TWSTFT) 16 –
INRIM – LNE-SYRTE (GPS) 12 –
INRIM – PTB (TWSTFT) 16 –
INRIM – PTB (GPS) 12 –
LNE-SYRTE – PTB (TWSTFT) 16 16.4
LNE-SYRTE – PTB (GPS) 12 13.5
LNE-SYRTE – NPL (TWSTFT) – 16.5
LNE-SYRTE – NPL (GPS) – 13.5
NPL – PTB (TWSTFT) – 24.4
NPL – PTB (GPS) – 24.5

approach is taken: with an initial assumption about the noise type, the interpolation
can be done and by determining the slope of the interpolation, an information about
the noise type is gained and can be used for a new assumption.

In this way, the statistical uncertainty for the link LNE-SYRTE – PTB can be deter-
mined directly through interpolation. Without an uncertainty for optical clock com-
parisons with INRIM, however, the process for the INRIM-related links is adapted
based on additional estimations: at first, the uncertainty at τ = 1 d is estimated based
on the same noise type as for the link LNE-SYRTE – PTB. For the extrapolation, then,
an estimated slope, based on the average of all links analysed for the optical clock
comparisons, is taken. Since the statistical uncertainty of the optical clock compar-
isons also takes into account the gaps from the clock data, it can be assumed that the
statistical uncertainty for the fountain clock comparisons is slightly over-estimated
when using the procedure.

The systematic uncertainty of the link was estimated in a similar way as for the
optical clock comparisons: a time series of phase values was generated out of the
recorded temperatures and temperature coefficients, and a mean frequency value
was calculated in the same way as the average frequency difference of the link ȳlink
was determined. These values are taken as systematic uncertainties. The tempera-
ture coefficients for the GPS equipment of INRIM are 13 ps/K for the Javad Legacy
receiver, 0.5 ps/(K·m) for the antenna cable and 10 ps/K for the antenna. Similar ob-
servations as for the contributions for the optical clock comparisons could be made
when comparing the in- and outdoor contributions of one technique. However, since
the interval length is the same for each link and gaps depend only on gaps of the link,
there are less variations for the respective contributions.

The estimation of the statistical uncertainties of the fountain clocks is based on the
measured short-term instability and the known averaging behaviour for longer mea-
surement times. In addition, a dead-time uncertainty was taken into account, as it
generally can be found in the Circular T (publication by BIPM on UTC – UTC(k)) [192].
These two and the systematic uncertainties were provided by the fountain clock op-
erators in INRIM, LNE-SYRTE and PTB.



98 Chapter 6. Analysis of the clock comparisons

6.4 Discussion of results

At first, the results of the comparisons of the optical clocks will be discussed. In
Table 6.4 the results for the relative frequency differences between the optical clocks
of the same type are listed, with the statistical and systematic uncertainty contribu-
tions. A graphical visualization of these results is depicted in Fig. 6.4. These kind of
triangular plots are used for all clock comparisons in this work. The center of each
axis is zero, and reaches 1× 10−15 at each corner, which represents one institute, re-
spectively. So a relative frequency difference of 0 between two clocks is shown at the
center of each axis (which corresponds to a frequency ratio of 1 in case of clocks of
the same type, and to the ratio of the absolute frequency values as confirmed by the
International Commitee for Weights and Mesures (CIPM, Comité International des
Poids et Mesures) and listed accordingly [71]). A deviation from a difference of 0 is
shown with the respective sign with the following convention: The closer the differ-
ence is to one of the corners, the higher the frequency of the clock of that respective
institute is compared to the one of the other corner.

TABLE 6.4: Results for the comparisons of optical clocks of the same
type. The third column shows the average relative frequency differ-
ence (ȳ(OC1 −OC2)), uB,c is the combined systematic clock uncer-
tainty, uA,l and uB,l are the statistical and systematic uncertainties of
the link, respectively, and u represents the combined overall uncer-

tainty. All values are in 10−16

Clock pair link difference uB,c uA,l uB,l u

Sr(LNE-SYRTE)
– Sr(NPL)

TWSTFT
GPS PPP

0.9
0.5 0.8 3.0

2.3
0.7
0.8

3.2
2.5

Sr(LNE-SYRTE)
– Sr(PTB)

TWSTFT
GPS PPP

1.1
-1.4 0.5 2.5

1.9
0.9
1.2

2.7
2.3

Sr(NPL)
– Sr(PTB)

TWSTFT
GPS PPP

-2.9
-2.5 0.7 3.3

1.5
0.5
0.6

3.4
1.8

Yb+(NPL)
– Yb+(PTB)

TWSTFT
GPS PPP

0.2
1.6 1.1 3.3

1.5
0.5
0.6

3.5
2.0

Firstly, the results are discussed from the link technique point of view. From Ta-
ble 6.4, it can be seen that the combined uncertainties of the comparisons are 3.5×
10−16 at maximum. Both satellite link techniques show similar uncertainties. Look-
ing in detail, the GPS PPP has for the same links always a slightly lower (less than
a factor of 2) uncertainty, a trend which originates from the fact that the combined
uncertainties are dominated by the statistical uncertainties, which is larger for the
TWSTFT links (up to more than a factor of 2 in case of the link between NPL and
PTB). This is caused by the unforeseen technical difficulties on the TWSTFT mea-
surements, leading to gaps and fluctuations on the data, while GPS PPP did not
show any major disturbance during the measurement time and the data on the in-
tervals are without interruption. On the other hand, the systematic uncertainty of
GPS PPP is insignificantly higher by a a few 10−17 than the one of the TWSTFT links.
As mentioned in Chapter 6.3.1, the main contribution is the impact of temperature
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Sr - Sr Yb+ - Yb+

TWSTFT
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(Lisdat et al. 2016)
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FIGURE 6.4: The results of the relative frequency differences for the
optical clock comparisons between the three institutes LNE-SYRTE,
NPL and PTB, for clocks of the same type. Each side of the triangle
reaches from −1 × 10−15 to +1 × 10−15 for a comparison between
clocks of the respective institute in the corners. The positive sign
refers to the first clock in the difference OC1 – OC2, e.g. a point
located between 0 and +1 × 10−15 on the PTB side on the line be-
tween LNE-SYRTE and PTB indicates a negative result for the com-
parison Sr(LNE-SYRTE) – Sr(PTB). The result for the fiber comparison

are taken from [40].

on the antenna, which is a conservative estimate based on measurements of more
than a decade ago. Choosing dedicated equipment and carrying out an evaluation
of the temperature impact specifically for these kind of measurements would lead
to a lower systematic uncertainty. The visualization in Fig. 6.4 shows that all re-
sults agree with each other within a 1-σ-uncertainty. This includes the result for
Sr(LNE-SYRTE) – Sr(PTB) of a comparison carried out via optical fiber (−0.47±
0.5 × 10−17 [40]) which was carried out simultaneously with this campaign. It is
depicted here for comparison reasons.

Focusing on the aspect of the clock comparisons, it can be seen that most of the re-
sults are compatible with zero within a 1-σ-uncertainty, independent of the link tech-
nique. The PPP measurement for Sr(NPL) – Sr(PTB) deviates by 1× 10−16, which is
still well within the 2-σ-uncertainty. The two comparisons that involve the Sr(NPL)
clock show for both satellite link techniques an offset with the same sign correspond-
ing to Sr(NPL). These observed deviations from zero may indicate that the frequency
of this clock was indeed lower by a few 10−16 compared to the other Sr clocks during
the campaign.

Deviations like these can best be detected by simultaneous comparisons. Here, the
systematic uncertainty originating from all known effects for the clock was evalu-
ated to be 6.8 × 10−17 for the time during the campaign, as indicated previously.
However, later investigations of interleaved self-comparison of the clock data re-
vealed an additional, uncharacterized frequency shift. It was found that the clock
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TABLE 6.5: Results for the comparisons of optical clocks of different
type. The third column gives the optical frequency ratio as an offset
from the ratio r0 = 1.495 991 618 544 900. The fourth column shows
the average relative frequency difference (ȳ(OC1 −OC2)), uB,c is the
combined systematic clock uncertainty, uA,l and uB,l are the statistical
and systematic uncertainties of the link, respectively, and u represents

the combined overall uncertainty. All values are in 10−16

Clock pair link νYb+

νSr
− r0 ySr − yYb+ uB,c uA,l uB,l u

Sr(LNE-SYRTE)
– Yb+(NPL)

TWSTFT
GPS PPP

9.76
11.13

-4.9
-5.8 1.2 3.0

2.3
0.7
0.8

3.3
2.7

Sr(LNE-SYRTE)
– Yb+(PTB)

TWSTFT
GPS PPP

4.59
8.40

-1.4
-3.9 0.4 2.5

1.9
0.9
1.2

2.7
2.3

Sr(NPL)
– Yb+(PTB)

TWSTFT
GPS PPP

10.54
9.99

-5.4
-5.0 0.7 3.3

1.5
0.5
0.6

3.4
1.8

Sr(PTB)
–Yb+(NPL)

TWSTFT
GPS PPP

6.44
8.58

-2.6
-4.1 1.1 3.3

1.5
0.5
0.6

3.5
2.0

frequency could vary by up to 4× 10−16, depending on the delay between the spin
preparation and the clock interrogation. It is assumed that this originates from the
Doppler shift due to a radial motion in the lattice. However, this could not be ver-
ified in detail and the magnitude of the effect not evaluated, since the setup was
modified after the campaign. The shift has now been eliminated by replacing the
lattice laser delivery optics, which has greatly improved the spatial beam quality3.

Table 6.5 shows the relative frequency differences for the clocks of different types (Sr
lattice against Yb ion). They refer to the CIPM recommended values of 2017 for the
absolute frequencies of the Yb+ octupole transition, νYb+

oct
= 642 121 496 772 645.0 Hz

and for the Sr transition νSr = 429 228 004 229 873.0 Hz [204], which means that a
zero would correspond to both clocks having this frequency as the transition. The
results are visualized in Fig. 6.5, similarly to Fig. 6.4. All results deviate from zero
with the same sign, i.e. y(Sr – Yb+) < 0 for all comparisons. This is an indication that
the true frequency ratio νYb+/νSr is different from the one recommended by CIPM
by a few 10−16, but since the combined uncertainty for the recommended values is
7.2× 10−16 [204], the results are still compatible.

Table 6.6 shows the results for the remote frequency comparisons between the foun-
tain clocks, which are depicted in the same way in Figs. 6.6 and 6.7 as the results of
the optical clock comparisons. The relative frequency difference between Cs and Rb
corresponds to zero for a Rb frequency of 6, 834, 682, 610.904 312 6 Hz, which is the
CIPM 2017 recommended value [204]. The frequencies of all six fountains agree with
each other within the 1-σ-uncertainty, which is between 4.8× 10−16 and 7.7× 10−16.
Furthermore, all techniques show good agreement within the uncertainty, including
the optical fiber comparison carried out in parallel [205].

Looking at the uncertainties, the situation for the differences between the two satel-
lite link techniques is a little different than for the optical clock comparisons. For the

3This section was provided by I. Hill for [52]
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TABLE 6.6: Summary of the remote fountain clock comparisons.
The third column gives the average fountain frequency difference,
uA,c and uB,c are the combined statistical and systematic clock un-
certainties (with the dead-time uncertainty as part of the statistical
uncertainty), uA,l and uB,l correspond to the statistical and system-
atic link uncertainties, and u is the combined overall uncertainty.
The statistical uncertainties of the clocks differ for the two link tech-
niques due to the different measurement intervals. The value of
the absolute frequency of the 87Rb ground state hyperfine transi-
tion used in these comparisons is the CIPM recommended value

6, 834, 682, 610.904 312 6 Hz of 2017 [204]. All values are in 10−16.

Clock pair link difference uA,c uB,c uA,l uB,l u

ITCsF2 (INRIM)
- FO1 (LNE-SYRTE)

TWSTFT
GPS PPP

-1.0
5.6

2.8
3.2 4.3 3.2

5.6
0.4
0.6

6.0
7.7

ITCsF2 (INRIM)
- FO2 (LNE-SYRTE)

TWSTFT
GPS PPP

-1.0
3.8

2.8
3.2 3.4 3.2

5.6
0.4
0.6

5.4
7.3

ITCsF2 (INRIM)
- FO2Rb (LNE-SYRTE)

TWSTFT
GPS PPP

0.8
6.9

2.7
3.1 3.5 3.2

5.6
0.4
0.6

5.4
7.3

ITCsF2 (INRIM)
- CSF1 (PTB)

TWSTFT
GPS PPP

-1.0
2.4

2.9
3.3 3.8 5.5

5.4
0.3
0.9

7.2
7.4

ITCsF2 (INRIM)
- CSF2 (PTB)

TWSTFT
GPS PPP

1.2
4.7

3.3
3.8 3.8 5.5

5.4
0.3
0.9

7.3
7.5

FO1 (LNE-SYRTE)
- CSF1 (PTB)

TWSTFT
GPS PPP

0.7
-3.2

1.4
1.7 4.7 2.6

2.0
0.3
1.0

5.5
5.5

FO1 (LNE-SYRTE)
- CSF2 (PTB)

TWSTFT
GPS PPP

2.9
-0.9

2.1
2.5 4.7 2.6

2.0
0.3
1.0

5.8
5.7

FO2 (LNE-SYRTE)
- CSF1 (PTB)

TWSTFT
GPS PPP

0.7
-1.4

1.3
1.5 3.9 2.6

2.0
0.3
1.0

4.9
4.8

FO2 (LNE-SYRTE)
- CSF2 (PTB)

TWSTFT
GPS PPP

2.9
0.9

2.0
2.4 3.9 2.6

2.0
0.3
1.0

5.1
5.0

FO2Rb (LNE-SYRTE)
- CSF1 (PTB)

TWSTFT
GPS PPP

-1.1
-4.5

1.2
1.4 4.0 2.6

2.0
0.3
1.0

4.9
4.8

FO2Rb (LNE-SYRTE)
- CSF2 (PTB)

TWSTFT
GPS PPP

1.1
-2.2

2.0
2.3 4.0 2.6

2.0
0.3
1.0

5.2
5.1
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FIGURE 6.5: The results of the relative frequency differences for the
optical clock comparisons between the three institutes LNE-SYRTE,
NPL and PTB, similar to Fig. 6.4, but for clocks of different type. All
results refer to the CIPM recommended values of 2017 for the abso-

lute frequencies of the clock transitions for Yb+ and Sr(lattice).

combined uncertainties, the statistical uncertainties of the fountain clocks are not
negligible, and due to the shorter interval of the GPS PPP, this uncertainty is higher
for all clocks in case of GPS PPP. Concerning the link uncertainties, the difference
between the techniques depend strongly on the respective link.

For the statistical uncertainty, the modified Allan Deviation at 1 d averaging time is
important. The link between LNE-SYRTE and PTB shows a significantly lower insta-
bility (by a factor of 3) than the INRIM-related links in case of GPS PPP, and the value
itself for this link and this technique is lower than in case for TWSTFT for the same
link. This leads to the fact that even with shorter intervals the statistical uncertainty
of the GPS PPP link for all comparisons between LNE-SYRTE and PTB fountains is
lower than for the same comparisons via TWSTFT. For the INRIM-related links it
can be observed that in case of GPS PPP there are technical fluctuations leading to a
larger instability at 1 d averaging time than for the LNE-SYRTE – PTB link and sim-
ilar instabilities at this time as for the TWSTFT links of INRIM – LNE-SYRTE, and
INRIM – PTB. Thus, the combination of this and the shorter measurement intervals
causes a higher statistical uncertainty for the GPS PPP fountain clock comparisons
between INRIM and LNE-SYRTE, and INRIM and PTB.

The systematic uncertainties of the link are again larger in case of GPS PPP than TW-
STFT for all links, with differences up to 7× 10−17 between both techniques. Here,
too, the estimation of the antenna sensitivity results in a dominating contribution for
the antenna for the systematic uncertainty of GPS PPP. In addition, there might be
a stronger temperature trend over the GPS interval than over the TWSTFT interval.
As a last point, temperature fluctuations over the day chosen as starting or ending
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FIGURE 6.6: The results of the relative frequency differences for all
fountain clock comparisons between INRIM and PTB, and all com-
parisons to FO1 of LNE-SYRTE. Each side of the triangle reaches from
−1× 10−15 to +1× 10−15 for a comparison between the institutes in
the corners. The positive sign refers to the first clock in the difference,
e.g. a point located between 0 and +1× 10−15 on the PTB side on the
line between LNE-SYRTE and PTB indicates a negative result for the
comparison FO1(LNE-SYRTE) – CsF1(PTB). The results for the fiber

comparison are taken from [205].

point for the GPS intervals might not average out as good as for the days chosen for
the TWSTFT interval.
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FIGURE 6.7: The results of the relative frequency differences for all
fountain clock comparisons between FO2 (both Cs and Rb) of LNE-
SYRTE and the Cs fountains of INRIM and PTB, depicted in a simi-
lar way as in Fig. 6.6. The results for the fiber comparison are taken
from [205]. The third side of the triangle, which corresponds to the
comparisons between INRIM and PTB, is left out, the results can be

found in Fig. 6.6.
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Conclusion

Within this work, the first simultaneous optical clock comparison between four lab-
oratories located in four different countries took place. Five optical single ion and
lattice clocks as well as six microwave fountain clocks were compared over a total
measurement period of 26 d, with duty cycles up to 77 % for the optical and 98 % for
the fountain clocks. For carrying out this campaign, the satellite-based comparison
technique TWSTFT was used and enhanced by implementing the full modulation
bandwidth of 20 Mchip/s, which was used for measurements via satellites for the
first time. In parallel, the GPS PPP technique was applied as a second, independent
satellite-based technique, which allowed for a comparison between enhancements
of the two techniques that are currently in operation on a daily base for almost all
remote time scale and clock comparisons in the framework of TAI/UTC. To carry
out this work, the collaboration between the respective different working groups of
the institutes needed to be coordinated.

All results show good agreement: The results obtained with the two different tech-
niques agree with each other within the 1-σ-uncertainty, and are also compatible
with the results of a fiber comparison taking place at the same time between two of
the four institutes [40, 205]. Clocks of the same transition agree with each other with
their frequency within a 1-σ-uncertainty in all but one case, where the result lies
still within a 2-σ-uncertainty interval. The differences here range from 0.2× 10−16

to 2.9× 10−16 for the optical clocks, and from 0.9× 10−16 to 5.9× 10−16 for the foun-
tain clocks. Benefit could be made from the simultaneity of the comparisons: For
the first time, three Sr lattice clocks could be compared at once, which allowed for
the identification of a hitherto unknown offset in one of the clocks. The results of
the comparisons of optical clocks of two different type revealed a systematic offset
with respect to the frequency difference as given by the CIPM 2017 recommended
values [204], hinting that the true frequency values of these clock transitions are
still different by a few parts in 1016, although the results are compatible within the
combined 1-σ-uncertainty of the CIPM values. The relative frequency differences
between Sr lattice and Yb single ion clocks range from −1.4× 10−16 to −5.8× 10−16,
while the the relative difference between the Cs and the Rb frequencies with respect
to the CIPM recommended values was measured to be between −1.1× 10−16 and
6.9× 10−16. Although the uncertainties of local comparisons of optical clocks and
first international clock comparisons carried out with optical fibers show overall un-
certainties lower by almost one order of magnitude or more, the results obtained
within this work help to improve the overall picture of the optical clocks operated
and their transition frequency, which is another step to identify suitable candidates
for the redefinition of the SI second.
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The overall comparison uncertainties are in the low 10−16 range for the optical clock
comparison, between 1.8× 10−16 and 3.5× 10−16. The link uncertainty dominates
these estimations, although for the comparison to one of the clocks the systematic
uncertainty contribution of the clocks adds up to a value larger than 1× 10−16. In
case of fountain clocks, the uncertainty contributions from the clocks are in the same
order of magnitude as the link uncertainty contributions, and the overall comparison
uncertainty ranges from 4.8× 10−16 to 7.7× 10−16. The overall uncertainty of the
TWSTFT links is around 3 × 10−16 on average, which is the uncertainty that was
aimed for. The uncertainties achieved in this work are significantly lower than the
uncertainties of any previous clock comparison using satellite-based techniques [49,
200, 206].

For calculating the mean relative frequency difference for each clock pair, different
data sets of phase and frequency data with different dominating noise types and
non-common gaps needed to be combined. In order to reach nevertheless such suf-
ficiently low uncertainties and not being limited by short-term noise processes or by
the discard of too much data, a certain calculation method was found. The phase
data set from the satellite link, which shows a higher noise amplitude, was averaged
with a sliding mean before converting it into the frequency domain and combining it
with the data sets from the measurement of the optical clocks against the hydrogen
masers. At laboratories where two optical clocks were operated during the cam-
paign, the locally measured frequency ratio could be used to fill gaps of one clock
when the other one was running. For the uncertainty, an estimator for the stan-
dard deviation of the mean was derived that accounts for correlations and gaps on
the data. A different approach was used for the fountain clock comparison due to
the different properties of the measurement of the fountain against the hydrogen
masers, but the results gained from the calculation of the optical clock comparisons
were used for this approach.

The uncertainties reached are limited by a number of factors. One limitation is the
residual impact of the hydrogen masers on the final combined data, which is present
due to the fact that the link data (the difference between the HM) needed to be pre-
averaged while having different gaps as the data of the optical clocks vs hydrogen
masers (clock data). Thus, even though the calculation manages to take gaps into ac-
count with a weighting procedure and for the correlation estimation, the amount of
gaps should be reduced to a minimum on all measurements to benefit most from the
high bandwidth TWSTFT. Another limitation is the estimation of the systematic un-
certainty: for estimating the temperature influence, mean temperature coefficients
were determined based on measurements carried out at one institute. A detailed
analysis of all equipment involved would lead to the possibility of correcting the
data for temperature influence, which would reduce both the systematic uncertainty
and the statistical uncertainty, since temperature-induced fluctuations in the data
have been treated statistically within this work, although the procedure was opti-
mized to average out all fluctuations up to averaging times of 1 d. However, finding
individual temperature coefficients for the equipment parts represents a huge effort
and is practically not possible in all cases, e.g. for the outdoor-equipment. These con-
siderations hold true for both TWSTFT and GPS. The temperature coefficients taken
for the GPS receivers are based on literature on older models than the ones used for
this work, and for the antenna, which is the dominating contribution, an estimation
representing an upper limit was taken. Hence, future experiments aiming for lower
uncertainties need to find a compromise by correcting the impact of equipment parts
where the temperature coefficients can easily be determined. Furthermore, a more
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conservative approach was taken for the estimation of the correlations: An estima-
tion of a cutoff lag is necessary, since the calculation of the autocorrelation function
is only based on a limited number of samples and becomes erroneous for larger lags.
Here, the cutoff lag was chosen to not underestimate the uncertainty by taking into
account these erroneous negative correlations, but to take rather positive correla-
tions into account. By having larger uninterrupted samples of data to estimate truly
existing correlations, this estimation can be done more precisely. However, the es-
timation of this cutoff lag is always a compromise and there is no guarantee that a
more precise determination would decrease the uncertainty. The good agreement
of most results while having a relatively large uncertainty (especially in case of the
fountain clock comparison) supports the idea that the uncertainty estimation might
be rather too conservative.

Considering these limitations, it can be said that the potential gain by using the full
20 Mchip/s modulation rate with the current TWSTFT equipment is not yet fully
exploited with the results achieved. Despite all efforts to avoid disturbances and
minimize gaps, the campaign was experiencing a lot of unforeseen incidents, like
sudden equipment failure, external signal jamming or power cuts. However, the
progress in the field of optical clocks leads to lower and lower uncertainties, thus
additional improvements have to be implemented in TWSTFT in the future in order
to competitive. In addition, leasing the necessary bandwidth on a satellite transpon-
der to use the 20 Mchip/s modulation rate is costly. Future experiments can profit
from the efforts made within this work before, during and after the measurement
campaign, but the considerations above need to be taken into account.

Some of these efforts were the preparations carried out before the campaigns: Sev-
eral studies and calculations were conducted in support of the broadband TWSTFT.

Sophisticated laboratory tests were performed with the TWSTFT equipment, espe-
cially the SATRE modem, to analyze the short- and long-term instability at full-
bandwidth (20 Mchip/s) operation. The short-term instability scales inversely with
the modulation band width as expected, and for averaging times longer than 1 d in-
stabilities in the 10−17 range could be achieved. Technical disturbances limiting the
instability in this range could be mostly identified and precautions were taken by
choosing respective parameters at the modem or adapting the overall setup within
the laboratory. Although it was found that the modems or even the single receiver
channels within one modem are impacted to a different extend by sources of distur-
bance from inside or outside the modem, the tests revealed a deeper insight into the
modem behavior that can be of use in the future for, e.g., using the modems for time
comparisons via optical fibers, as it was already done in the past [158, 159, 164, 207].

In addition, corrections were calculated that turned out to be not strictly necessary
for the level of uncertainty reached in this work, but should be taken into considera-
tion for future measurements using either code-based TWSTFT or TWCP gaining at
slightly lower uncertainties. The calculation of the ionospheric correction revealed
that for inner-European links the corrections are necessary for uncertainties below
1× 10−16 for frequency comparisons, or below 100 ps in case of time transfer. Al-
though large differences in TEC values are not expected for baselines within Europe,
they might occur and the values are worth to be estimated in this uncertainty range,
especially in times of high solar activity. As shown in previous works, this is more
crucial for intercontinental links [118, 131]. The Sagnac correction terms showed that
relativistic corrections need to be taken into account for an uncertainty range below
100 ps. The calculated impact of the variation of the path delay difference was found
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to be smaller than the impact of the Sagnac by at least a factor of 2. It can be easily
compensated by adding an additional delay into the signal at the ground stations,
so all signals arrive at the satellite at approximately the same time.

The second satellite-based technique used in this work is GPS PPP, and the achieved
uncertainties here are in the same order of magnitude as broadband TWSTFT. The
statistical uncertainty is lower than for TWSTFT, because GPS measurements were
running with much less interruptions during the campaign. Hence, for the interval
length used for the data analysis, the statistical uncertainty was mainly limited by
the technique itself and the gaps on the clock data than by gaps and disturbances
on the GPS data. However, in case of disturbances like interruptions or inexpli-
cable jumps, PPP can be impacted, and thus limited, more strictly than TWSTFT.
This is imposed by the way the data is processed: Due to the fact that the process-
ing within one single batch is preferred over single daily batches due to the phase
jumps at batch boundaries, only these technical disturbances can be cut out that can
be clearly identified and do not affect the overall result before and after the dis-
turbance. Otherwise the days when the disturbance occurs marks the limit of the
overall measurement interval. As mentioned above, GPS PPP measurements would
need a more sophisticated analysis of the temperature impact on the equipment. In
addition, other systematic effects would need to be exploited in more detail. For
example, multipath effects originating from signal reflections around the antenna
are only roughly estimated in their contribution to the systematic uncertainty so far.
Only recently some studies were launched to further investigate the subject [208]. In
addition, due to the nature of data processing, which can only be carried out after the
measurement because of the need of satellite clock, satellite orbit and atmospheric
products, GPS PPP results can only be used with a certain delay, while TWSTFT al-
lows for a real-time analysis of the data. Despite these considerations, with having
no need for additional costs and the equipment being available in more laboratories,
GPS PPP represents a good complement to broadband TWSTFT.

Furthermore, in the past few years GPS IPPP was developed as improvement of
PPP. Studies show that for averaging times from a few hours onwards, this tech-
nique shows lower instabilities than PPP, reaching instabilities below 1× 10−16 for
about 10 d averaging times. However, the technique is not openly available yet,
and although the data requirements are the same as for PPP processing, additional
understanding for the modeling of certain parameters might be necessary. As an
enhancement of PPP, it has, in direct comparison with broadband TWSTFT, similar
advantages and drawbacks as PPP, and might therefore represent the future comple-
ment technique for TWSTFT.

Another satellite-based technique is TWCP, which was running for some time in
parallel with broadband TWSTFT and GPS PPP within this work. TWCP has the ad-
vantage of only occupying a few kilohertz bandwidth on the satellite transponder,
but the most suitable equipment was developed by NICT and is thus not available
at most laboratories. The comparison of broadband TWSTFT with TWCP confirmed
the superior instability of TWCP at averaging times up to a few hours as it was ob-
served in previous measurements, but also the averaging behavior of τ−1/2 for most
averaging times, so both techniques are at approximately the same level at 1 d. A
more recent measurement shows the same instabilities in comparison with IPPP up
to averaging times of 1 d [209]. However, for longer averaging times this experiment
shows in the double differences of TWCP with GPS PPP and IPPP a slope of τ−1, and
demonstrates that TWCP is better than GPS PPP, and the double difference between



Chapter 7. Conclusion 109

TWCP and IPPP reaches an instability below 1× 10−16. Currently, a new modem
for both code and carrier phase two-way time transfer is under development, and
although it only provides the conventional code modulation rate of 1 Mchip/s, the
TWCP test measurements show instabilities in the 3 × 10−17 range for averaging
times at 1 d [210].

New equipment showing improvements for code-based TWSTFT was also imple-
mented at some laboratories in the past years. A Software Defined Radio receiver
(SDR receiver) had been developed [211]. The signals transmitted by the SATRE
modems are received in parallel to the conventional modems: in comparison, the
diurnal oscillations are reduced, and the instability at a few hundreds of seconds is
decreased by the factor of 3, and also for long-term instabilities up to one day aver-
aging time a reduction by a factor of 2 can still be observed [212]. However, these
measurements were carried out with a chip rate of 1 Mchip/s, and so far no com-
parisons of different modulation rates had been conducted, although a laboratory
experiment comparing SATRE modem RX channels and SDR RX channels at high
modulation rate woul be interesting, especially for long averaging times.

The technique most suitable for optical clock comparisons with respect to the uncer-
tainty is the frequency transfer with optical fibers. Improvements had been made in
recent years in this field. An instability in the 10−21 range could be evaluated for an
averaging time of more than 15 d [213]. More and more optical fiber links are avail-
able, and first international link connections were established [40, 41]. Within Eu-
ropean coordinated research projects first simultaneous clock comparisons between
three laboratories took place [155]. New projects are launched with the goal to fur-
ther enhance this technique [157, 214]. But even with more links available for the
baselines of interest, several laboratories or links might be still difficult to access in
the future, especially on an intercontinental scale. First tests on phase noise of opti-
cal submarine cables were conducted, but do not reach instabilities below 1× 10−15

so far [215]. So for most links between laboratories today and for simultaneous com-
parisons, satellite-based techniques will continue to be first choice.

A few other link techniques are currently under development. VLBI, using astro-
nomic radio sources, was used in an experiment for a proof-of-concept clock com-
parison between NICT in Japan and INRIM in Italy [216]. Due to the signal being
weak in power, this technique requires radio telescope antennas of several meters in
diameter and corresponding equipment that are only available in specific facilities.
Another experiment was the use of an optical free space link for a clock compari-
son within the joint clock network at JILA and NIST in Boulder, USA [217]. So far,
this technique is limited to very short baselines within the line-of-sight, and atmo-
spheric turbulences and signal loss on the beam due to diffraction further limit the
instability.

This work shows that 20 Mchip/s modulation rate TWSTFT can be used to achieve
an improvement for remote clock comparisons by at least one order of magnitude
compared to conventional TWSTFT with a chip rate of 1 Mchip/s or other satellite-
based techniques that were used for comparison campaigns so far. The instability
at all averaging times observed decreases with increasing bandwidth, so a clock
comparison implementing TWSTFT can benefit from a higher bandwidth, as it is
planned, e.g., for the ACES project. However, with decreasing instability more and
more effects have to be taken into account, and the uncertainty of any comparison
using this technique can be limited by these effects and gaps on the data.
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Appendix A

Technical parameters and setup
details for the measurement
campaigns

A.1 Supplementary material for the SATRE modem charac-
terization measurements

The table of code combination sessions (CCSs) of Chapter 3.1.4 (Table 3.2) will be
given for completeness. The CCSs ID numbers refer to the code combinations as
depicted in Fig. 3.15.
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campaigns

TABLE A.1: The code combination sessions (CCSs) carried out each
day within one schedule for several days. For each period of 20 min,
three codes out of 0 . . . 7 were chosen for the three modems S76,
S410 and S427, so every possible combination of these codes could be
tested. CCS IDs with a (*) contain code combinations that are imple-
mented more than once. CCS IDS with (**) resemble a reverse trans-
mitting/receiving direction for the modems with respect to the one

of CCS #1.

CCS ID Codes S76 sends / receives S410 sends / receives S427 sends / receives

1 (*) 0,1,2 PRN # 0 / 1 PRN # 1 / 2 PRN # 2 / 0
2 0,2,3 PRN # 3 / 2 PRN # 2 / 0 PRN # 0 / 3
3 0,2,4 PRN # 0 / 4 PRN # 4 / 2 PRN # 2 / 0
4 0,2,5 PRN # 0 / 2 PRN # 2 / 5 PRN # 5 / 0
5 0,2,6 PRN # 6 / 0 PRN # 0 / 2 PRN # 2 / 6
6 0,2,7 PRN # 2 / 7 PRN # 7 / 0 PRN # 0 / 2
7 0,1,3 PRN # 1 / 0 PRN # 0 / 3 PRN # 3 / 1

8 (**) 0,1,4 PRN # 4 / 1 PRN # 0 / 4 PRN # 1 / 0
9 0,1,5 PRN # 1 / 0 PRN # 0 / 5 PRN # 5 / 1
10 0,1,6 PRN # 6 / 0 PRN # 0 / 1 PRN # 1 / 6
11 0,1,7 PRN # 0 / 1 PRN # 1 / 7 PRN # 7 / 0
12 0,3,4 PRN # 3 / 4 PRN # 4 / 0 PRN # 0 / 3
13 0,3,5 PRN # 0 / 3 PRN # 3 / 5 PRN # 5 / 0
14 0,3,6 PRN # 6 / 3 PRN # 3 / 0 PRN # 0 / 6
15 0,3,7 PRN # 7 / 0 PRN # 0 / 3 PRN # 3 / 7
16 0,4,5 PRN # 4 / 5 PRN # 5 / 0 PRN # 0 / 4
17 0,4,6 PRN # 6 / 4 PRN # 4 / 0 PRN # 0 / 6
18 0,4,7 PRN # 0 / 7 PRN # 7 / 4 PRN # 4 / 0
19 0,5,6 PRN # 5 / 0 PRN # 0 / 6 PRN # 6 / 5
20 0,5,7 PRN # 7 / 0 PRN # 0 / 5 PRN # 5 / 7
21 0,6,7 PRN # 6 / 7 PRN # 7 / 0 PRN # 0 / 6
22 1,2,3 PRN # 1 / 2 PRN # 2 / 3 PRN # 3 / 1
23 1,2,4 PRN # 1 / 4 PRN # 4 / 2 PRN # 2 / 1
24 1,2,5 PRN # 5 / 1 PRN # 1 / 2 PRN # 2 / 5
25 1,2,6 PRN # 2 / 6 PRN # 6 / 1 PRN # 1 / 2
26 1,2,7 PRN # 7 / 1 PRN # 1 / 2 PRN # 2 / 7
27 1,3,4 PRN # 1 / 3 PRN # 3 / 4 PRN # 4 / 1
28 1,3,5 PRN # 1 / 3 PRN # 3 / 5 PRN # 5 / 1
29 1,3,6 PRN # 6 / 1 PRN # 1 / 3 PRN # 3 / 6
30 1,3,7 PRN # 7 / 3 PRN # 3 / 1 PRN # 1 / 7

31 (*) 1,4,5 PRN # 1 / 4 PRN # 4 / 5 PRN # 5 / 1
32 1,4,6 PRN # 4 / 6 PRN # 6 / 1 PRN # 1 / 4
33 1,4,7 PRN # 1 / 4 PRN # 4 / 7 PRN # 7 / 1

34 (*) 1,5,6 PRN # 5 / 6 PRN # 6 / 1 PRN # 1 / 5
35 1,5,7 PRN # 1 / 5 PRN # 5 / 7 PRN # 7 / 1
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CCS ID Codes S76 sends / receives S410 sends / receives S427 sends / receives

36 1,6,7 PRN # 6 / 7 PRN # 7 / 1 PRN # 1 / 6
37 2,3,4 PRN # 2 / 3 PRN # 3 / 4 PRN # 4 / 2
38 2,3,5 PRN # 5 / 2 PRN # 2 / 3 PRN # 3 / 5
39 2,3,6 PRN # 2 / 3 PRN # 3 / 6 PRN # 6 / 2
40 2,3,7 PRN # 7 / 3 PRN # 3 / 2 PRN # 2 / 7
41 2,4,5 PRN # 4 / 5 PRN # 5 / 2 PRN # 2 / 4
42 2,4,6 PRN # 2 / 4 PRN # 4 / 6 PRN # 6 / 2
43 2,4,7 PRN # 2 / 4 PRN # 4 / 7 PRN # 7 / 2
44 2,5,6 PRN # 6 / 5 PRN # 5 / 2 PRN # 2 / 6
45 2,5,7 PRN # 2 / 7 PRN # 7 / 5 PRN # 5 / 2
46 2,6,7 PRN # 6 / 7 PRN # 7 / 2 PRN # 2 / 6
47 3,4,5 PRN # 3 / 4 PRN # 4 / 5 PRN # 5 / 3
48 3,4,6 PRN # 6 / 3 PRN # 3 / 4 PRN # 4 / 6
49 3,4,7 PRN # 7 / 3 PRN # 3 / 4 PRN # 4 / 7
50 3,5,6 PRN # 3 / 5 PRN # 5 / 6 PRN # 6 / 3
51 3,5,7 PRN # 7 / 3 PRN # 3 / 5 PRN # 5 / 7
52 3,6,7 PRN # 3 / 7 PRN # 7 / 6 PRN # 6 / 3

53 (*) 4,5,6 PRN # 4 / 5 PRN # 5 / 6 PRN # 6 / 4
54 4,5,7 PRN # 7 / 4 PRN # 4 / 5 PRN # 5 / 7
55 4,6,7 PRN # 6 / 4 PRN # 4 / 7 PRN # 7 / 6

56 (*) 5,6,7 PRN # 5 / 6 PRN # 6 / 7 PRN # 7 / 5
57 (**) 5,6,7 PRN # 5 / 6 PRN # 7 / 5 PRN # 6 / 7
58 (*) 0,1,2 PRN # 0 / 1 PRN # 1 / 2 PRN # 2 / 0
59 (*) 0,1,2 PRN # 1 / 2 PRN # 2 / 0 PRN # 0 / 1
60 (**) 0,1,2 PRN # 1 / 0 PRN # 2 / 1 PRN # 0 / 2
61 (**) 0,1,2 PRN # 1 / 2 PRN # 0 / 1 PRN # 2 / 0
62 (**) 0,1,2 PRN # 2 / 0 PRN # 1 / 2 PRN # 0 / 1
63 (**) 0,1,2 PRN # 0 / 1 PRN # 2 / 0 PRN # 1 / 2
64 (*) 0,1,4 PRN # 4 / 1 PRN # 1 / 0 PRN # 0 / 4
65 (*) 0,1,4 PRN # 1 / 0 PRN # 0 / 4 PRN # 4 / 1
66 (*) 0,1,4 PRN # 0 / 4 PRN # 4 / 1 PRN # 1 / 0
67 (**) 1,4,5 PRN # 5 / 4 PRN # 1 / 5 PRN # 4 / 1
68 (**) 1,4,5 PRN # 1 / 5 PRN # 4 / 1 PRN # 5 / 4
69 (*) 1,5,6 PRN # 1 / 5 PRN # 5 / 6 PRN # 6 / 1
70 (**) 1,5,6 PRN # 1 / 6 PRN # 5 / 1 PRN # 6 / 5
71 (**) 4,5,6 PRN # 4 / 6 PRN # 5 / 4 PRN # 6 / 5
72 (**) 4,5,6 PRN # 5 / 4 PRN # 6 / 5 PRN # 4 / 6
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A.2 Technical parameters and setups during the link test cam-
paign

For the link test campaign, satellite operator SES provided transponder #3.001, which
has an uplink frequency of 14.275 GHz and a downlink frequency of 11.475 GHz.
The SATRE modems and SATRE modem parameters as in Table A.2 were used.
While PTB and NPL set up a new TWSTFT roof station in the frame of the exper-
iment, which were later assigned as PTB05 and NPL02, the other two institutes were
using the antenna and outdoor equipment of a substitutional ground station: IT01
by INRIM, and OP02 by LNE-SYRTE.

TABLE A.2: SATRE modems used for the link test campaign, with
the corresponding parameters.

Institute Modem used PRN code TX frequency [Hz]

INRIM S416 6 69, 925, 961
LNE-SYRTE S321 1 70, 037, 317
NPL S76 4 69, 963, 087
PTB S410 5 70, 074, 116

A.3 Technical parameters and setups during the clock com-
parison campaign

Some changes in the setup and in the parameters were made for the clock compar-
ison campaign. A TWCP experiment was implemented at PTB and LNE-SYRTE,
using only a few kilohertz of the bandwidth. While the signal was split so one sta-
tion could be used at LNE-SYRTE, a different station with a different antenna was
used at PTB, named PTB04. Furthermore, SES could only provide a different tran-
sponder, #3.018, at the start of the campaign, resulting in different up- and downlink
frequencies for the first few days. Table A.3 shows the different frequencies, with
the center frequency of the transponder as the frequency used for TWSTFT, TWCP
was assigned to a frequency at the edge of the transponder frequency band.

TABLE A.3: The up- and downlink frequencies during the two pe-
riods of the campaign for both techniques, TWSTFT and TWCP. TW-
STFT uses the center frequency, since the full bandwidth is needed,
whereas the TWCP uses a small frequency range at the lower edge
of the transponder frequency band (17 MHz below the center fre-

quency).

frequencies 4th June – 9th June frequencies 9th June – 29th June

Uplink TWSTFT 14.105 GHz 14.275 GHz
Downlink TWSTFT 12.605 GHz 11.475 GHz
Uplink TWCP 14.088 GHz 14.258 GHz
Downlink TWCP 12.588 GHz 11.458 GHz

Table A.4 provides the SATRE parameters at each institute, with a list of the received
signals by RX channel. Since LNE-SYRTE could not participate during the first few
days of the campaign, the configuration was slightly different during that time. The
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parameters presented here are the ones for the second part of the campaign (21 d),
where all institutes carried out the TWSTFT measurements.

TABLE A.4: SATRE modems used for the link test campaign, with
the corresponding parameters.

Institute Modem channel Station received PRN code (TX) frequency (TX) [Hz]

INRIM S416 TX
S416 RX1
S416 RX2
S427 RX1

LNE-SYRTE
NPL
PTB

6 69, 925, 961

LNE-SYRTE S321 TX
S321 RX1
S321 RX2
S503 RX1
S503 RX2

LNE-SYRTE
PTB
NPL
INRIM

0 70, 037, 317

NPL S76 TX
S76 RX1
S76 RX2
S74 RX1

LNE-SYRTE
PTB
INRIM

4 69, 963, 087

PTB S410 TX
S410 RX1
S410 RX2
S410 RX3
S280 RX1
S280 RX2
S280 RX3

LNE-SYRTE
NPL
PTB
LNE-SYRTE
NPL
INRIM

5 70, 074, 116
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TABLE A.5: GPS equipment used by the institutes. The receiver types
are given together with the name of the receiver or station that is usu-
ally used by the institute for other GPS-related activities. The length
of the antenna cable and the type of dieletric used plays a major role

in the estimation of the temperature coefficient.

Institute GPS receiver (station/rec. name) ant. cable length [m] ant. cable type (dielectric)

INRIM Javad Legacy (INR3) 40 solid HDPE
LNE-SYRTE Septentrio PolaRx4 (OPM8) 50 PE foam
NPL GTR50 (NP11) 53 PE foam
PTB Septentrio PolaRx4 30 PE foam

In addition to TWSTFT and TWCP, GPS stations were used to have an additional,
independent comparison technique. Table A.5 shows the equipment of the stations.
The antenna type is not listed, since the temperature coefficient taken for the uncer-
tainty estimation was not antenna-specific.
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Appendix B

Derivation of a tool for
determining the statistical
uncertainty

For a random variable Y an expectation value µ is defined

µ = E [Y] , (B.1)

with the corresponding variance σ2:

σ2 = E
[
(Y−E [Y])2]

= E
[
Y2]− (E [Y])2

= E
[
Y2]− µ2. (B.2)

In case of a limited number n of measurements yi of Y, the commonly used estimator
for µ is the arithmetic mean ȳ:

ȳ =
1
n

n

∑
i=1

yi. (B.3)

Equally, an estimator s2 for the variance σ2 exists:

s2
yi
=

1
n− 1

n

∑
i=1

(yi − ȳ)2 (B.4)

According to the Guide to the Expression of Uncertainty in Measurement (GUM) the sta-
tistical uncertainty of a measurement of yi, also called type A uncertainty, is directly
represented by the positive square root of a valid estimator for the variance of the
mean, σȳ [53]. In the case where the n samples of the measurement are independent
from each other, i.e. uncorrelated, the variance of the mean is defined as:

σ2
ȳ =

σ2

n
, (B.5)
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with

s2
ȳ =

s2
yi

n
(B.6)

representing such an estimator. Thus sȳ directly resembles uA. However, as already
pointed out in the GUM and also by various other works, the estimator is biased in
case of correlation between the n values of yi [197, 198, 218], and thus not a suitable
estimator to determine uA. In [198] an estimate was made for the order of magni-
tude of this bias, and it is also pointed out that the arithmetic mean as in Eq. B.3 is
an unbiased estimator in the presence of correlation, but only in case of equivalent
observations yi, meaning that the statistical properties do not depend on a shift in
i. In the context considered here, this is the same property as being stationary. The
following considerations only hold true for stationary processes, thus, it is assumed
that the yi underlie a stationary process.

The autocovariance ρ of y can be written as:

ρl =
Cov[yi, yi+l ]

Var[yi]

=
E[(yi − µ)(yi+l − µ)]

σ2

=
E[yiyi+l ]− µ2

σ2

=
Cl

C0
(B.7)

with l being the lag. Dividing the covariance term Cl by the covariance at l = 0 (i.e.
the variance) is a commonly used normalization, so ρ becomes 1 at lag 0. By using
ρ, a correction factor γ for the variance of the mean σ2

ȳ can be derived [197, 219, 220]:

σ2
corr,ȳ = γ

σ2

n
=

(
1 + 2

n−1

∑
l=1

(n− l)
n

ρl

)
σ2

n
, (B.8)

thus with

γ = 1 + 2
n−1

∑
l=1

(n− l)
n

ρl . (B.9)

In [198], γ is introduced via the ratio of n and a dimension called neff, which can
be understood in most cases as an effective number of independent observations.
However, in some cases this notation can become confusing, e.g. when neff > n.
As can be seen from the equations above, in the case of all yi being independent
observations, ρl becomes zero for all l > 0, and the well-known equation Eq. B.5
is obtained. Also it becomes obvious that an overall positive sum in Eq. B.9, i.e.
positive correlations, increases the variance and thus the estimator and the statistical
uncertainty, whereas negative correlations lead to a decreasing. In the latter case, the
relation neff > n would be true.
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Before a short overview over different autocovariances at different noise types will
be given, the general expression of yi will now be specified as a time series of relative
frequency values on a constant time interval τ0, with the relation of

yi =
xi+∆t/2 − xi−∆t/2

∆t
(B.10)

to underlying phase data xi on the same time interval τ0, even if these phase data
might not necessarily be available. Per default and if not clarified otherwise, ∆t = τ0.

Fig. B.1 shows the autocovariances for different noise types: The noise was simu-
lated and then a standard estimator of the autocovariance (see Section B.1 below)
was used to calculate the autocorrelation function (ACF). The noise was simulated
on the phase data x and the respective relative frequency data y was calculated from
this by using Eq. B.10 and ∆t = 1 s. It can be seen that only in case of white noise
(white phase noise for x and white frequency noise for y) no correlations occur, ρl =
1 for l = 0, and ρl = 0 for all other l. In case of white phase and flicker phase noise,
the ACF of y shows a negative value for l = 1 and approaches quickly zero for larger
l (in theory, the autocovariance is zero for all l > 1). This means that γ would be-
come smaller than 1 and the standard estimator for the variance of the mean would
in fact overestimate the actual variance and thus the uncertainty. However, most
other noise types have both positive and negative ρl , with the positive correlations
dominating the lower lags.

However, in order to derive an estimator and thus the uncertainty from Eq. B.8 in
case of real data, there are still two problems to be discussed:

(i) The variance can only be turned into an unbiased estimator in case the under-
lying correlations (and therefore all the noise processes and disturbances) are
known and ρ is derived from these processes. In reality, this is not the case,
instead, an estimator r is needed.

(ii) The derivation so far does not handle gaps on data.

Both will be covered in the next sections.

B.1 Finding an estimator for ρ

As seen in the previous section, most processes show with increasing l either nega-
tive ρl or reach a certain l where all ρl become zero afterwards or move around zero
in a way that the overall sum over all ρl in this section of l would be zero.

In addition, estimators for ρ provide only limited knowledge for the coefficients with
increasing l and can show an increasing noise and become erroneous. Thus, inde-
pendently from the choice of the estimator r, a cutoff index lcut should be determined
to disregard all coefficients of r above.

In [199], an overview over the sources of biases in several estimators is given and
the biases are calculated for different process models simulated using the Monte-
Carlo method. It turned out that the actual choice of the estimator is not as crucial
as the choice of the cutoff index lcut. For this, there are very simplified approaches
for adapting a "rule of thumb" of the literature [221], where it is stated that a suffi-
cient good estimate for the autocovariance can be made for lcut = n/4. But also more
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FIGURE B.1: Autocorrelation functions (ACF) as estimates of the au-
tocovariance for different noise types. The noise was simulated and
the ACF calculated with the standard estimator for ρ (see below in
Section B.1). The left column (curves in blue) shows the ACF of the
phase data x, and the right column (curves in red) for the relative fre-
quency data y, converted from the phase data by using Eq. B.10 and

∆t = 1 s.



B.2. Accounting for gaps on the data 121

sophisticated calculations based on the actual measurements yi were applied [197].
The approach adapted for this work is the First Transit through Zero (FTZ) criterion,
where lcut can be calculated, but can also be subjectively chosen based on what is
known about the underlying processes in order to discriminate between the signif-
icant non-zero coefficients of rl and the noise at higher l. Since this approach might
disregard "true" negative correlations as in Fig. B.1, the sum over the elements of
rl might be larger than the one over the actual unbiased ρl which leads in a conse-
quence to a positively biased estimator for the variance of the mean.

Based on the considerations in previous, already mentioned works [197, 199], the
standard estimator r which is widely used in most works and software to calculate
the ACF is used as base in this work, too:

rl =
∑n−l

i=1 (yi − ȳ)(yi+l − ȳ)
∑n

i=1(yi − ȳ)2 =
Rl

R0
(B.11)

for all coefficients from l = 1 . . . n− 1, with Rl and R0 as estimators for Cl and C0,
respectively.

Thus, the respective estimator for the variance of the mean is

s2
corr,ȳ =

(
1 + 2

n−1

∑
l=1

(n− l)
n

rl

)
s2

n
(B.12)

This estimator is not unbiased, but only bias-reduced with respect to Eq. B.6. Apart
from the residual bias due to rl , other features introduce a bias that are discussed
below in Section B.3.

B.2 Accounting for gaps on the data

In case of gaps on the data, the calculations and considerations above might become
erroneous, as information might be lost and not taken into account correctly. This
was already widely addressed within the field for the calculation of the Allan Devia-
tion (see Chapter 2.1). A simple example is the processing of relative frequency data
with an underlying white phase noise, as seen in Fig. B.1. Taking only every second
value into consideration, the correlation vanishes and the process of the residual yi
becomes white frequency noise. Similarly, any short-range correlation can remain
undetected or become less dominant when gaps on a regular time grid are intro-
duced into the data. When data with irregular gaps are treated as if there were no
gaps, i.e. "stitching together" blocks of measurement, correlation estimates become
erroneous.

In order to take gaps into account, an approach similar to the calculation of the mod-
ified Allan Deviation as used in this work was taken. For that, the more general case
of weights is considered.

Of course, this approach cannot restore missing information as in the example above
where white phase noise on frequency data appears as white frequency noise if every
second point is missing. In reality, however, it is much more likely to have irregular
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gaps, and it is important to find a way to assign the data to the correct spacing
without adding false information

Weights were already introduced for an estimator of the variance of the mean in
presence of correlations in [197]. This does not only allow for a treatment of gaps
- by attributing weights wi of zero to indices i of missing data in yi - but also for a
consideration of cases where indeed non-uniform weighting of data is useful. The
introduced weights wi are normalized:

n

∑
i=1

wi = 1, (B.13)

so the quantities considered above become:

ȳ =
n

∑
i=1

wi · yi (B.14)

for the mean, and

s2
yi
=

n

∑
i=1

wi(yi − ȳ)2 (B.15)

for the estimator of the population variance. A suitable estimator for Cl is

Rl =
∑n−l

i=1
√

wiwi+l(yi − ȳ)(yi+l − ȳ)

∑n−l
i=1
√

wiwi+l
, (B.16)

which becomes s2
yi

for l = 0. This estimator is, similar to r in Eq. B.11, still biased. To
the best of the knowledge of the author, an unbiased estimator for ρ does not exist.

The variance of the mean becomes:

σ2
ȳ = σ2

(
n

∑
i=1

w2
i + 2

n−1

∑
l=1

ρl

n−i

∑
j=1

wjwj+i

)

= C0

n

∑
i=1

w2
i + 2

n−1

∑
l=1

Cl

n−l

∑
j=1

wjwj+l , (B.17)

which results in the estimator for the variance of the mean:

s2
ȳ = R0

n

∑
i=1

w2
i + 2

lcut

∑
l=1

Rl

n−l

∑
j=1

wjwj+l (B.18)

In case the data is uncorrelated, Rl becomes zero for all lags l and only the term
on the left with R0 is left. This term corresponds to Eq. B.6 for the weighted mean.
So, as above in the case of no weights, it can be seen that in case of overall positive
correlations the uncertainty is larger than in case of no correlations.
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Eq. B.17 can be derived as follows1:

At first, ȳ2 can be written down as:

ȳ2 =
n

∑
i=1

n

∑
j=1

wiwjyiyj

=
n

∑
i=1

w2
i y2

i + 2
n−1

∑
i=1

n−i

∑
j=1

wjwi+jyjyi+j (B.19)

The expectation value of this term is:

E
[
ȳ2] = n

∑
i=1

w2
i E
[
y2

i
]
+ 2

n−1

∑
i=1

n−i

∑
j=1

wjwi+jE
[
yjyi+j

]
=

n

∑
i=1

w2
i
(
C0 + µ2)

+ 2
n−1

∑
i=1

n−i

∑
j=1

wjwi+j
(
Ci + µ2)

=
n

∑
i=1

w2
i C0 + 2

n−1

∑
i=1

Ci

n−i

∑
j=1

wjwi+j

+

(
n

∑
i=1

w2
i + 2

n−1

∑
i=1

n−i

∑
j=1

wjwi+j

)
µ2

=
n

∑
i=1

w2
i C0 + 2

n−1

∑
i=1

Ci

n−i

∑
j=1

wjwi+j

+

(
n

∑
i=1

n

∑
j=1

wiwj

)
µ2

=
n

∑
i=1

w2
i C0 + 2

n−1

∑
i=1

Ci

n−i

∑
j=1

wjwi+j + µ2. (B.20)

Thus, the variance of the weighted mean is:

σ2
ȳ = E

[
ȳ2]− µ2

=
n

∑
i=1

w2
i C0 + 2

n−1

∑
i=1

Ci

n−i

∑
j=1

wjwi+j (B.21)

1This derivation was developed by E. Benkler. In contrast to Eq. B.8, the variance of the weighted
mean for autocorrelated samples was, to the best knowledge of the author, never derived in the litera-
ture before.
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B.3 Comments on biases

The estimator derived for this work is still biased for various reasons. One source
of bias was already mentioned as the fact that a bias can be introduced based on
the fact that a cutoff is made in r, although the use of a cutoff lag can reduce erro-
neous calculations within r. Also, to the best knowledge of the author, no unbiased
estimator for ρ exists so far.

It should be also noted that, when applying the square root to an unbiased estimator,
i.e. in order to transform the estimator of the variance into the deviation, the result
is not unbiased anymore, since a square root is a non-linear function. This bias con-
cerns also the use of the standard estimators that are unbiased in case of white noise
(Eqs. B.4 and B.6). It is considered to be small enough that it is usually not taken into
account, so the square root of any unbiased estimator of a variance can be taken as
estimate for the deviation, and thus for the statistical uncertainty.

Another consideration is the non-multiplicativity of the expectation value: when
using Eqs. B.8 and B.17 and inserting the estimators for both σ and ρ, the expectation
value of the resulting estimator is not the product of the expectation values of the
single estimators. Since both estimators are based on the same set of measurements
yi, they are not independent from each other. This was found to be not taken into
consideration in most literature when a bias-reduced estimator for the variance of
the mean in presence of correlations is derived. Because of the lack of discussion of
this problem in the literature and the difficulty to estimate the order of magnitude
of the resulting bias, it was considered to be negligible for this work, but studies on
this subject might be interesting for the future.

A third point was mentioned by [198], where in addition to the variance of the mean
as in Eq. B.8 and its estimator, an unbiased estimator for the population variance
was derived:

s2
corr,yi

=

n
∑

i=1
(yi − ȳ)2

n− γ
= s2

bias,yi

n− 1
n− γ

(B.22)

with s2
bias,yi

as the biased estimator for the population variance as presented in Eq. B.4.
Taking this unbiased estimator and inserting it into Eq. B.12 gives:

s2
corr,ȳ = γ

s2
corr,yi

n
= γ

n− 1
n− γ

s2
bias,ȳ (B.23)

Converting this to the case with weights, Eq. B.18 becomes:

s2
ȳ =

∑n
i=1 wi(yi − ȳ)2

1
∑n

i w2
i +2 ∑

lcut
l=1 rl(∑n−l

j=l wjwj+l)
− 1

(B.24)

with

rl =
Rl

R0
(B.25)
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The difference between both is thus that in the consideration of the previous section
R0 was taken directly as estimator for σ2, while in this case here a bias-reduced
estimator was taken for σ2. However, since this biased-reduced estimator depends
on r and thus on R0, it can never be completely substituted.

Calculations for s2
ȳ based on the data used in this work found a difference between

Eq. B.18 and Eq. B.24 in the range of 1× 10−18 . . . 2× 10−18 in all cases. It is thus
negligible.

B.4 Discussion of the correlations on the data used in this
work

In order to find a suitable value for lcut, both the initial data sets ylink (converted
from xlink), y1 and y2 as in Eq. 6.1 of Chapter 6.2.4 as well as the final processed se-
ries of relative frequency y(OC1 −OC2)(t) (OC = Optical Clock) were analyzed for
significant correlations. Fig. B.2 shows the calculated ACF for some selected data:
(a) depicts the ACF of ySr(PTB). For the calculation, an interval of several days with
only few interruptions of only short duration (less than 1 h) was chosen. It can be
seen that the first coefficients are negative, similar to flicker phase noise (see Fig. B.1),
which corresponds to the dominant noise of the hydrogen maser (HM). (b) shows
an enlargement of the first lags, and some weak positive correlations are visible that
approach to zero for lags larger than 1000. This behavior was only observed for the
y1 and y2 in case of PTB. In case of NPL, only the flicker phase noise contributions
can be observed, while for LNE-SYRTE, due to the cryogenic sapphire oscillator, the
ACF reflects mostly white frequency noise. The link data is dominated by the nega-
tive coefficients as in case of white phase noise, as expected. Both (c) and (d) show
the ACF of the final processed y(Sr(PTB) − Yb(NPL))(t), with (d) being again an
enlargement for small lags. A combination of white and flicker phase noise is still
dominant on the data according to the negative coefficients of r at the first lags. In
addition, some negative correlations appear up to l = 50. The positive correlations
observed in (b) are not visible. However, since this correlation is observed on the
initial data and in order to not cut away correlations that can not be observed man-
ually in the graphs but might still be on the data, lcut = 4000 was chosen, even for
the link LNE-SYRTE – NPL. The calculated ACFs show furthermore that up to this
lag, no erroneous negative correlations would falsely decrease the uncertainty. This
noise behavior is in agreement with the fact that the bias-reduced estimator results
in a smaller uncertainty than the standard biased estimator.

It also becomes apparent that a simple calculation of lcut with the FTZ criterion
would not work: Even when taking into account the negative coefficients at small
lags, the noise on the ACF would result in an immediate cutoff. Hence, when us-
ing this estimator to determine the uncertainty and thus using the ACF, a manual
examination of the ACF is crucial.
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FIGURE B.2: ACFs of different time series used to calculate the mean
relative frequency difference between the Sr clock at PTB and the Yb
clock at NPL. (a) and (b) show the ACF of the difference of Sr and
the hydrogen maser (HM) at PTB, with (b) being the enlargement
for small lags. The data is dominated by the flicker phase noise of
the HM. In addition, some positive correlations can be observed for
l < 1000. (c) and (d) show the ACF of y(Sr(PTB)−Yb(NPL))(t) after
the data processing described in Chapter 6.2.4. Again, (d) is an en-
largement for small lags. Negative coefficients dominate for the first
few lags, while the positive correlation observed in (b) do not appear.
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